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GENERAL INTRODUCTION 
INTRODUCTION 
Photonic band gap (PEG) crystals, also known as photonic crystals, are periodic 
dielectric structures which form a photonic band gap that prohibit the propagation of 
electromagnetic (EM) waves of certain frequencies at any incident angles. Photonic crystals 
have several potential applications including zero-threshold semiconductor lasers, the 
inhibition of spontaneous emission, dielectric mirrors, and wavelength filters. If defect states 
are introduced in the crystals, light can be guided from one location to another or even a 
sharp bending of light in micron scale can be achieved. This generates the potential for 
optical waveguide and optical circuits, which will contribute to the improvement in the fiber­
optic communications and the development of high-speed computers. 
Photonic Band Gap Structures 
A photonic band gap is the frequency band in which electromagnetic (EM) waves are 
forbidden in all propagation directions in space. In one dimension, the forbidden frequency 
bandgaps arose from Bragg reflection where EM wave propagation cannot occur and the EM 
intensity decays exponentially with distance in the crystal lattice [1]. To form a full photonic 
band gap, the Brillouin Zone (BZ) in reciprocal space should closely resemble a sphere [2]. 
Another criterion is to have a high refractive index contrast (typically greater than 2) between 
both constituent materials of the crystal. Ho et al at Iowa State University discovered the 
first type of crystal lattice that would produce a full band gap: the diamond structure of 
tetrahedral geometry [3]. Since the manufacturing of the diamond structure would be 
difficult, modified forms of the diamond tetrahedral geometry were developed to 
accommodate fabrication feasibility. The first successful three dimension (3D) photonic 
band-gap crystal was fabricated by Yablonovitch et al. in 1991 [4], The crystal structure, 
now called Yablonovite, was constructed by first covering a mask consisting of a triangular 
array of holes on a slab of dielectric material. Three drilling operations were then conducted 
through each hole, at an angle 35.26° away from normal and spread out 120° on the azimuth 
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(Figure 1.1(a)). Another modified diamond geometry designed by the Iowa State group is the 
layer-by-layer structure (Figure 1.1(b)) [5]. This geometry has gained great popularity in 
recent years and been manufactured with various types of techniques as to be discussed in 
Part II. 
Figure 1.1 3D photonic crystal structures evolved from the diamond geometry: (a) Yablonovite. (b) Layer-by-
Layer structure. 
The inverted face-center cubic (fee), or namely inverse opal, is another 3D geometry 
that has been widely used due to the ease of fabrication. A review of several techniques for 
fabricating inverse opal structures based on the use of self-assembled templates is to be 
discussed in Part II as well. A great amount of work has also been devoted to the 
manufacturing of 2D photonic crystals with conventional semiconductor processing. 
Although 2D crystals do not have a complete band gap, a number of applications have been 
demonstrated such as microscopic lasers, planar waveguides, planar splitters, and optical 
fibers [6-10]. 
RESEARCH GOAL 
The goal of this dissertation research is to develop techniques for fabricating 3D 
ceramic layer-by-layer (LBL) photonic crystals operating in the infrared frequency range, 
and to characterize the infilling materials properties that affect the fabrication process as well 
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as the structural and optical properties of the crystals. The fabrication techniques 
investigated are mainly based on the concepts of microtransfer molding with the use of 
polydimethyl siloxane (PDMS) as molds/stamps. The infilling materials studied include 
titanium alkoxide precursors and aqueous suspensions of nanosize titania particles (slurries). 
The main task is to successfully build mutilayer crystal structures of 2.5 and 1.0 p,m 
periodicity. While various approaches have been reported in literature for the fabrication of 
LBL structure, the uniqueness of this work ties with its cost-efficiency and relatively short 
process span. Very few works have been reported on fabricating ceramic LBL crystals at 
mid-IR frequency range, which further makes this work worthy of pursuing. The works 
covered in this dissertation also contribute to the fields of rheology modification of dense 
aqueous suspensions of ceramic nanoparticles, fabrication of dense ceramic bodies, 
penetration and displacement in capillary systems, and 3D ceramic micro-Znano-patterning. 
Part of this work is the subject of patent application approved on April, 2003 entitled 
"Fabrication of photonic band gap materials using microtransfer molded templates" (US 
Patent No. 6,555,406) 
DISSERTATION ORGANIZATION 
This dissertation is divided into two major parts, each of which is then divided into 
several chapters. The dissertation starts with a general introduction on the concept of 
photonic band gap structures and stating the goal of this research. The first part of the 
dissertation begins by giving some theoretical background on sol-gel and colloidal 
processing. Part I describes in detail the methods of characterizing various ceramic infilling 
materials and the results of the characterization. Part II begins by providing an extensive 
review on different types of techniques for fabricating 3D inverse opal structures and LBL 
structures. Two fabrication techniques based on the ideas of microtransfer molding are then 
explored in detail in the subsequent chapters. Pros and cons of each fabrication technique 
and infilling material are discussed in detail and potential improvements are recommended. 
Optical properties of fabricated crystals examined with optical microscopy and FtIR are 
reported in the last sections of the second part. The dissertation ends by giving directions for 
future work. 
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PART I. SYNTHESIS AND CHARACTERIZATIONS OF 
CERMIC INFILLING MATERIALS 
5 
INTRODUCTION 
BACKGROUND 
For the layer-by-layer (LBL) photonic bandgap crystal design, it is critical to have a 
refractive index contrast of at least 2.0 between the dielectric matrix material and air. In this 
work, titania (titanium dioxide, TiOz) was chosen as the dielectric material since it has a 
relative high refractive index in the optical wavelength range. Sol-gel processing and 
aqueous colloidal processing were investigated to synthesize titania. Fundamentals of these 
two processing methods will be discussed in more detail in the following sections. 
During the photonic crystal fabrication process, titania sol-gel precursors or colloidal 
suspensions (slurries) are infiltrated into either submicron polyurethane molds with LBL 
design or submicron channels embedded within PDMS molds. The use of polymeric molds 
for patterning ceramic structures in the micron or nanometer scale (commonly known as soft 
lithography) has become a popular technique in recent years [11-21], Several factors need to 
be taken into account while synthesizing the ceramic infilling materials. First, the infilling 
materials must contain small enough particles and sufficiently low viscosities, that the 
materials can be infiltrated fluently into the submicron polymeric structures. After being 
infiltrated, the infilling ceramic precursors or colloidal suspensions need to transform to a 
more rigid state, so the infilling materials can replicate and retain the shapes (i.e. good 
moldability) of the polyurethane molds or channels in PDMS molds. Moreover, ceramic 
materials usually suffer from shrinkage during drying and firing, with the shrinkage issue 
being more significant in sol-gel processing. Since shrinkage of the ceramic materials 
deviate the resulting structures from the originally designed structures, it is desirable to 
minimize the shrinkage. Therefore, precursor chemistries and infiltration techniques must be 
optimized to reduce drying and firing shrinkage. 
Titania is commonly known to exist in three distinct phases: anatase, rutile and 
brookite. The rutile phase has a higher refractive index than anatase, and is more desirable in 
the application of photonic crystals. The anatase and the brookite phase can be transformed 
into the rutile phase at elevated temperatures. However, grain growth and surface roughness, 
which are factors causing scattering loss, can be induced from high firing temperatures. It is 
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thus vital not only to determine the phase transformation temperatures, but also monitor the 
morphology changes of the ceramic materials during firing. 
SOL-GEL PROCESSING 
The commonly known advantages of sol-gel processing include a wide range of 
chemical compositions, applicability on various substrates, good chemical homogeneity of 
resulting materials and relative low processing temperatures compared to traditional ceramic 
processing. A sol is a suspension of very fine colloidal particles in a liquid or a liquid 
solution of polymer molecules. A gel is usually defined to be the porous semirigid mass 
formed when the colloidal particles are linked by surface forces to form a network (colloidal 
or particulate gel) or when the polymer molecules are crosslinked or interlinked through 
condensation reactions (polymeric gel). The titanium alkoxides used in this study are the 
precursors for producing polymeric gels. Polymeric gels are generally prepared by 
hydrolysis, condensation, and polymerization reactions in liquid solution. Due to the fine 
pore sizes and large surface area of solid/vapor interface in polymeric gels, the driving force 
for sintering due to reduction in surface area is usually much higher. This leads to a lowering 
of the sintering temperature for polymeric gels. 
Hydrolysis, Condensation, and Gelation 
A number of processing parameters employed in hydrolysis and condensation 
reactions affect the microstructure of a gel, which in turn influence the behaviors of the gel 
during drying as well as sintering. These processing parameters generally include 
concentration of alkoxide, amount of water added, concentration and type of catalyst used 
and, aging time of the gel. In many cases the metal alkoxides are so sensitive to moisture 
that the handling is carried out inside a glove box with an inert, dry atmosphere (e.g. N? or 
Ar). During the hydrolysis of a metal alkoxide, water is introduced and interacts with the 
alkoxide to form hydrolyzed complexes, resulting in expulsion of alcohol. The hydrolyzed 
complexes then further react via condensation to form polymerizable species. 
Polycondensation reaction among the polymerizable species continues and leads to the 
growth of clusters that eventually collide and link together into a gel with a rapid increase in 
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viscosity. A simplistic scheme of the aforementioned sol-gel curing process is illustrated in 
Figure 1.2 [22] for a titanium alkoxide. 
Hydrolysis Steps 
OR 
RO—TI~~ OR 
OR 
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RO—TI— OR * ROH 
OR 
m 
m HJO 
OH 
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Gelation Steps 
[I] + [21 + PI 
•OH + HJO 
OH OH 
I 1 RO—TI—O—TI— 
I I OR OR 
[4] 
OR OH 
RO—TI— 0—TI— OH • ROH 
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OH 
4 
OH OR 
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Figure 1.2 A simplistic scheme of sol-gel curing process for a titanium alkoxide. [22] 
Drying of Gels 
A polymeric gel typically consists of an interconnected network of very fine pores 
filled with liquid. The liquid is composed of solvent (e.g. 2-propanol) used during 
preparation of the gel. The simplest method of drying a gel, often referred to as conventional 
drying, is to remove the liquid by evaporation in air at room temperature or in an oven. The 
8 
gel produced by conventional drying is called xerogel. The drying process consists of a 
constant rate period followed by one or two falling rate periods [23]. During the constant 
rate period, liquid tends to spread from the interior of the gel to cover the solid/vapor 
interface, which would prevent an increase in the energy of the system if the solid phase was 
to be exposed. As the volume of the liquid decreases through evaporation, the liquid/vapor 
meniscus becomes curved and thus produces a hydrostatic (capillary) tension inversely 
proportional to the radius of meniscus. The capillary tension in the liquid imposes a 
compressive force on the solid phase and causes the gel to shrink at the same rate as the 
evaporation of liquid (Figure I.3a). The shrinkage of gel stops as the network becomes stiff 
enough to resist the compressive stresses and the radius of the meniscus drops to equal the 
pore radius. During the falling rate period, since the shrinkage stops, further evaporation 
forces the liquid meniscus to recede into the pores (Figure 1.3b). The evaporation rate 
decreases with time in this period. 
(a) Constant rate period 
2(y -y ) 
Pressure In liquid at exterior: p. ^ ^ 
E r 
Evaporation 
Shrinkage 
(b) Falling rate period 
Maximum capillary pressure: 
p _ 
* 7— 
Empty pores 
Minimum radius of curvature 
Figure 1.3 Schematic illustration of the drying process of gels [23]. 
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Besides shrinkage, cracking is another phenomenon commonly occurs at the drying 
stage. Although there is no generally accepted explanation for the occurrence of cracking, 
the origins could be attributed to stresses produced by a pressure gradient in the liquid phase 
(due to the irregularity of the drying front) or the capillary tension as a result of the 
distribution of pore sizes [23]. It is commonly observed that cracking can be prevented by 
slow drying or reducing the gel thickness. Slow drying reduces the pressure gradient and 
results in a small differential strain within the gel body. Another strategy to avoid cracking is 
to prepare gels with large pores, since large pores lead to a decrease in capillary pressure and 
an increase in permeability of the porous gel structure. Aging a gel is another approach to 
avoid cracking. An aged gel is stronger and therefore is more able to withstand the drying 
stress. A group of chemicals, known as drying control chemical additives, was reported to 
allow faster drying while avoiding cracking of the gel. Some of the additives include 
formamide (NH2CHO), glycerol (CgHgOg) and oxalic acid (C2H2O4). The general effects of 
these additives on the gel include producing large and more uniform pore sizes, and 
strengthening the gel network. However, the use of the drying control agents could lead to 
bloating of the gel and formation of carbonate after heating [24-25]. Another approach to 
improve cracking is supercritical drying. In supercritical drying, the liquid in the pores is 
removed above the critical temperature and pressure of the liquid. Under these conditions, 
there would be no liquid/vapor meniscus and thus no capillary pressure. However, gels 
produced by supercritical drying, namely aerogel, are very porous and fragile and possess a 
very low density. The low density and high porosity lead to a considerable shrinkage during 
sintering and also make it impractical to produce a dense structure. 
Firing/Sintering of Gels 
A dried polymeric gel has low density, consisting of high free volume and high 
surface area of solid/vapor interface within the solid skeletal phase. The tendency toward the 
reduction of the surface area provides a high driving force for densification during sintering. 
The firing of the gel can be divided into several stages [25]. At the first stage, the gel exhibits 
weight loss with very little shrinkage. The weight loss is due to the desorption of physically 
adsorbed water and alcohol. The low shrinkage is attributed to the increase in the surface 
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energy as a result of the desorption process. At the next stage, the gel exhibits weight loss 
with concurrent shrinkage. The weight loss in this stage is attributed to the removal of water 
as by-products of the polycondensation process, and the oxidation of carbonaceous residue 
present originally as unhydrolyzed alkoxy groups. The shrinkage is attributed mainly to 
densification of the solid skeletal phase as a result of polymerization reactions (thus leading 
to a higher cross-link density), and structural relaxation of the polymeric network. Structural 
relaxation occurs by diffusive motion of the polymer network without the expulsion of water 
or other products. At the last stage, the gel exhibits shrinkage without weight loss. The large 
and relatively rapid shrinkage is consistent with a viscous sintering mechanism. 
Nevertheless, it has been proposed that polymerization and perhaps structural relaxation 
could also contribute to the shrinkage in the final stage, as an increase in apparent viscosity is 
observed [25, 26]. After completion of firing, gels are converted into corresponding oxides 
with a dense structure. 
Spin Coating 
Sol-gel processing is often applied to prepare thin films by dip coating, spin coating 
or spray coating. Spin coating is discussed here since it was one of the primary methods used 
in this research to infiltrate templates. Bomside et al. [27] divide spin coating into four 
stages: deposition, spin-up, spin-off, and evaporation (Figure 1.4). First, an excess of liquid 
is dispensed on the substrate during the deposition stage. Next, in the spin-up stage, liquid 
driven by centrifugal force flows radially outward. In the spin-off stage, excess liquid flows 
to and flies off the perimeter, while the film is thinning down. As the film is thinning down, 
the resistance to flow increases and the concentration of the nonvolatile components also 
increases. This lead to a decrease in the removal rate of excess liquid. Although evaporation 
is shown in the last stage of spin coating, it may accompany at other stages. 
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( j^dw/dt * 0 
SPIN-UP 
SPIN-OFF 
EVAPORATION 
Figure 1.4 Four stages of spin coating. [27] 
Spin coating tends to produce a film with a uniform thickness. This tendency arises 
due to the balance between the centrifugal force and the frictional (viscous) force during 
spin-off. The thickness of an initially uniform film during spin-off is described by [24, 27] : 
h(t) = h0/(l + 4pro2h02V3r|)1/2 (1-1) 
where ho is the initial thickness, t is time, ro is the angular velocity, p is liquid density, and r\ 
is liquid viscosity, p and r\ are assumed to be constant for Newtonian liquid. A spun film 
arrives at its final thickness by evaporating after the film becomes so thin and viscous that its 
flow stops. Based on the model proposed by Meyerhofer that separates the spin-off and 
evaporation stages, the final film thickness and the time to achieve that thickness are [24, 27] : 
h/ = 1 PA 
V rA PA 
spin-off 
3rje \l/3 
\2pA(D J 
t = + tevap,n = tspin_off + hspin-0ff PA !(ePa ) 
(1-2) 
(1-3) 
where pA is the is the mass of volatile solvent per unit volume, paA is its initial value, and e 
is the evaporation rate (dictated by gas-phase mass transfer). 
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COLLOIDAL PROCESSING 
Colloidal processing is an increasingly common approach for fabricating ceramic 
structures with better packing uniformity and higher density. A colloidal suspension is 
generally defined as a dispersion of solid particles (colloids), whose sizes ranging between of 
1 - 1000 nm, in a liquid medium such as water. A basic concern regarding to a colloidal 
suspension is the stability of the dispersed particles. Particles will collide into each other and 
stick to form large clusters if the van der Waals attraction between them is strong, resulting 
rapid sedimentation. Common techniques used to stabilize the suspension rely on the 
introduction of repulsive forces between the particles to counteract the attractive force. 
Stabilization of Colloidal Suspensions 
According to Hamaker theory, the potential energy between two spheres of radius r 
separated by a distance h is given by [28] 
(H) 
when the separation is small (i.e. h « r). A is called the Hamaker constant, which is a 
function of the polarizabilities and numbers of molecule per volume in two bodies. Lifshitz 
developed a theory for calculation of the Hamaker constant based on the dielectric constants 
of the bodies and the intervening medium. For two identical bodies such as in a colloidal 
suspension, A is given by [25] 
A = c 
z V 
'  s x - s ,  ï 
V£i +si J 
(1-5) 
where c is a constant, £i £3 are the dielectric constants of the body (e.g. titania particle) and 
the medium (e.g. water), respectively. For a larger number of solids, A has values in the 
range between 10"20 and 10"19 J. The nonretarded Hamaker constant at 298K was calculated 
by Bergstrom [29] for 31 different inorganic materials including titania, which has a 
Hamaker constant of 15.3 x 10"20 J in vacuum and 5.35 x 10"20 J in water. If particles 
undergoing Brownian motion has a thermal energy kT smaller than VA, then the particles will 
stick together on collision since the thermal energy is insufficient to overcome the attractive 
potential energy. To prevent flocculation, repulsive forces must be introduced between 
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particles. The most commonly ways used include electrostatic stabilization, steric 
stabilization, and electrosteric stabilization. 
Most oxide particle surfaces become hydrated while being immersed in an aqueous 
medium. The oxide particle surfaces will be either positively or negatively charged 
depending on types of ions (such as H+ and OH") being adsorbed or desorbed. Generally, 
oxide surfaces are positively charged at low pH and negatively charged at high pH. The pH 
value where the particle surface has a net charge of zero is defined as the point of zero charge 
(PZC). Meanwhile, a common measure of the electrostatic potential at a short distance (i.e. 
Stem layer) from the particle surface is called the ^-potential. The pH value where the Ç-
potential is zero is defined as the isoelectric point (IEP). ^-potential can serve as a guide to 
the stability of colloidal suspensions. For good stability, suspensions are often prepared at 
pH values comparable to those in the plateau regions of the ^-potential, where pH values are 
farther away from the IEP. For oxides, commonly PZC ~ IEP in the presence of inert 
electrolytes. Kosmulki in 2002 surveyed 138 sets of the literature data and obtained the 
average PZC of the titania anatase and rutile phase to be 5.88 and 5.36, respectively [30]. 
Besides the compact surface charge layer (Stem layer), there is another diffuse layer of 
counterions (Gouy-Chapman layer) adjacent to the particle surfaces, therefore form an 
electrical double layer (Figure 1.5). The variation in the electrical potential due to the double 
layer effect can be approximated for the case of low surface potential as [25] 
where <D0 is the potential at the surface of the particle, K is termed the Debye constant, x is 
the distance from the surface, c is the concentration and z is the valence of the ions, F is the 
Faraday constant, R is the gas constant, e is the dielectric constant of the liquid medium, s0 is 
the permittivity of vacuum, and T is the absolute temperature. At a distance x = 1 IK, where 
the potential <D falls to 1/e of its value at the surface of the particle, is considered to be the 
thickness of the double layer and is usually referred as the Debye length. 
<D = O0 exp(-Àx) (1-6) 
^2 
se0RT 
(1-7) 
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Particle 
Surface charge Diffuse double layer 
Figure 1.5 Electrical double layer model associated with a positively charged particle surface in a liquid [25] 
The interaction between double layers generates a repulsive force between particles 
approaching each other. The general theory describing the interaction between electrical 
double layers is known as the DLVO theory. The repulsion for two spherical particles of 
radius r at a distance h apart can be approximated by [25] 
Equation (1-8) and (1-9) are valid for low <D0 and for constant potential or charge. The total 
potential V% when two particles approach to each other is thus given by 
Figure 1.6 shows examples of the VA and VR curves derived from (1-4) and (1-8). At low 
electrolyte concentration (upper graph), the double layer repulsion dominate at the most 
separation, resulting a maximum (Ml) in the total potential energy. If this energy maximum 
exceeds the thermal energy (kT) of the particles, then the particles stay dispersed. Otherwise, 
the colliding particles may surmount the energy at Ml and fall into the primary minimum, 
resulting irreversible coagulation. At high electrolyte concentration (lower graph), the 
double layer repulsion decays more rapidly that the van daal Waals attraction is more 
significant at a separation above the range of repulsion in total potential energy. This leads 
to a secondary minimum labeled as m2. If the particles reside at m2, weak adhesion will 
occur and result in flocculation. However, this weak adhesion can be easily overcome by 
shear, by heating, or by reducing the electrolyte concentration [25, 31]. 
VR « 2ms0£^?l exp(-Kh), when Kr < 5 
VR « 2ms0s^?l ln[l + exp (-Kh)], when Kr> 10 
(1-8) 
(1-9) 
(1-10) 
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— van der Waals attraction Double layer repulsion Total potential energy 
0 
Separation 
— van der Waals attraction Double layer repulsion Total potential energy 
0 
Separation 
Figure 1.6 The potential energy between two particles in an aqueous medium resulting from the effects of van 
der Waals attraction and the double layer repulsion at low electrolyte concentration (top) and at high electrolyte 
concentration (bottom). 
Viscosity of Colloidal Suspensions 
Knowing the rheology behavior of colloidal suspensions is essential for the 
applications such as casting, spray-drying, or glazing. Rheology properties of simple liquids 
(such as water and alcohols) or ceramic suspensions are usually characterized by their 
viscosity T|, an indication of the resistance to flow due to internal friction. If rj is 
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independent of the shear rate or the shear stress, the system is said to be Newtonian, which is 
a behavior commonly shown by simple liquids. The viscosity of colloidal suspensions, on 
the other hand, often show dependence on the shear rate and depart from Newtonian behavior. 
Figure 1.7 shows shear stress - shear rate and viscosity - shear rate curves for different 
models of flow behavior. When the viscosity decreases with decreasing shear rate, the 
behavior is said to be shear thinning or pseudoplastic. In contrary, when the viscosity 
increases with increasing shear rate, the behavior is said to be shear thickening or dilatant. 
Shear thinning or shear thickening behavior is sometimes described by an empirical power 
law equation: 
where K is called the consistency index, T is the shear stress, y is the shear rate, and n is an 
exponent that indicates the deviation from Newtonian behavior. If n = 1, the suspension is 
Newtonian. When n < 1, the suspension shows shear thinning; and when n > 1, the 
suspension shows shear thickening. The apparent viscosity of such suspension is: 
Suspensions containing a linkage of bonded molecules and particles require an initial 
threshold stress called the yield stress to initiate the flow. This flow behavior is described as 
plastic flow. The apparent viscosity of a Bingham plastic is higher when the yield stress is 
higher and decreases with increasing shear rate (shear thinning). The flow behavior of a 
Bingham material is also illustrated in Figure 1.7. 
T = Ky" (1-11) 
7] = Kyn~l (1-12) 
Shear Thickening with 
Yield Stress 
Bingham 
Shear Thinning with 
Yield Stress 
Shear Thickening 
Shear Thinning 
Newtonian 
•>> 
Shear Thickening with 
, Yield Stress 
Shear Thickening 
Bingham 
Shear Thinning 
•Newtonian 
•Shear Thinning with 
Yield Stress 
Shear Rate log(Shear Rate) 
Figure 1.7 Variation of shear stress with shear rate (left) and variation of log[viscosity] with log[shear rate] 
(right) for the different models of flow behavior [32]. 
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The interparticles forces and particle characteristics (e.g. particle concentrations, 
packing of particles, etc.) can have significant influence on the rheological behavior of 
suspensions. As the volume fraction of particles fp increases above about 10-15 vol%, the 
interactions between particles during flow causes the viscosity to increase [25, 32]. Although 
no rigorous hydrodynamic exists, the relative viscosity of such suspensions of uniform 
spherical particles is often approximated by the Dougherty-Krieger equation [33]: 
where r|s is the viscosity of the suspension, % is the viscosity of the liquid medium, KH is 
the apparent hydrodynamic shape factor of the particles (generally > 2.5), and fcr is the 
volume fraction of particles at which is viscosity becomes practically infinite. KH is usually 
deviated due to Brownian motion of particles or an adsorbed layer on the particle surface. 
The volume fraction of particles fp is then replaced by an effective volume fraction feff given 
where 8 is the thickness of the adsorbed layer and a is the particle radius. In steric stabilized 
suspensions, 8 is the thickness of the adsorbed surfactant or polymer layer on the particle 
surface. In electrostatic stabilized suspensions, 8 can be estimated by the Debye length. A 
significant decrease in the viscosity has been observed for systems stabilized by electrostatic 
or steric mechanisms by moving from conditions where the suspension is flocculated to those 
where it is stable [25, 35]. In another recent work done by Chunping Li at Iowa State 
University showed that the addition of fructose significantly reduced the viscosity of 
concentrated nanosize alumina aqueous suspensions [36]. It is believed that the addition of 
fructose weakens the interaction between particle surface and water molecules, depletes the 
bound water layers adsorbed on particles, and increases the fraction of mobile water. Thus, 
the viscosity is reduced as a result of enhanced overall water mobility. This concept was 
adoped in this research and it was found that the addition of fructose had the similar effect 
reducing the viscosity of nanosize titania aqueous suspension as to be discussed later. 
(1-13) 
by [25, 34]: 
(1-14) 
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EXPERIMENTAL APPROACH 
The titania infilling materials were synthesized with titanium alkoxide precursors 
dissolved in isopropanol or nanosize titania particles suspended in aqueous solution. The two 
titanium alkoxide precursors used were Titanium Diisopropoxide Bis(2,4-pentanedionate) 
(TDBP, CieHasOeTi, Acros Organics) and Titanium(IV) isopropoxide (TIPP, CizHzgC^Ti, 
Acros Organics). The molecular structures of the two titanium alkoxides are shown in Figure 
1.8. The nanosize titania particles (NanoTek® Titanium Dioxide, Nanophase Technologies 
Corp.) used were nearly spherical (Figure 1.9) and had an average particle size of 34 nm 
(determined from SSA = 45 m2/g, manufacturer's data). The nanosize titania particles as 
received had mixed phases of anatase and rutile with majority of the phases being anatase. 
The use of titanium alkoxide precursors and nanosize titania particles was designed to 
synthesize infilling materials capable of infiltrating into the submicron features of the 
polymeric molds. 
o 
Figure 1.8 Molecular structures of TDBP (top) and TIPP (bottom) 
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Figure 1.9 TEM picture of NanoTek® titania particles [37] 
Various infilling materials were synthesized to determine viscosities, effects on 
drying and firing shrinkages, and their moldability. The control factors of composing 
different titanium alkoxide precursors included: solution chemistry, solution concentration, 
addition of catalyst, and addition of DI (de-ionized) water. The control factors of different 
titania colloidal suspensions included: type of solvent, solids content, and addition of fructose 
(D-Fructose, CgH^Oô, SIGMA). Summary of the control factors and levels are summarized 
below in Table 1.1 and Table 1.2. The TDBP precursor as-received had a sol concentration of 
42.9wt%, and precursors of various concentrations (factor B) were made by diluting the 
original precursor with isopropanol. Diluted solutions or solutions with additives were 
stirred with magnetic stirrers for 10 ~ 20 minutes after mixing. The preparation of the sol-gel 
precursors were mostly performed in an Ar-purged glove box. Titania suspensions were 
made by directly adding the as-received titania powder in DI water. If fructose was to be 
included in the suspension, it was added into DI water prior to the adding of titania powder. 
The mixtures were equilibrated by mechanically shaking for 1 ~ 3 days prior to any use. 
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Table 1.1 Control factors and levels designed for composing different titanium alkoxide precursors 
Factor Level 
A Solution Chemistry A1 TDBP 
A2 TIPP 
A3 TDBP + TIPP (3:1 mole ratio) 
A4 TDBP + TIPP (5:1 mole ratio) 
A5 TDBP + TIPP (10:1 mole ratio) 
B Solution Concentration B1 42.9wt% TDBP of solution 
B2 30.0wt% TDBP of solution 
B3 20.0wt% TDBP of solution 
B4 15.0wt% TDBP of solution 
C Addition of HC1 a CI No addition of HC1 
C2 Addition of 6-8 \iL HC1 
D Addition of DI water DI No addition of DI water 
D2 Addition of DI waterb 
a Fisher Scientific A144-212, 36.5-38.0% solution, 12.IN 
b The amount of DI water to be added matched moles of TDBP added. DI water resistivity ~ 
18MO-cm 
Table 1.2 Control factors and levels designed for composing different titania colloidal suspensions 
Factor Level 
G Type of Solvent A1 DI water 
A2 Isopropanola 
H Solids Content B1 40.0vol% TiC>2 of solution 
B2 30.0vol% Ti02 of solution 
B3 25.0vol% Ti02 of solution 
B4 20.0vol% Ti02 of solution 
B5 10.0vol% Ti02 of solution 
I Addition of Fructose C1 No addition of fructose 
C2 10wt% of Ti02 
C3 15wt% of Ti02 
a Fisher Scientific A416-4, > 99.5% 
The viscosity of each sol-gel precursor and titania suspension was examined at room 
temperature using RheoStress RS75 rheometer (Haake) with a cylinder sensor system type 
DG41. The flow stress was measured as a function of shear rate increase from 1 to 500 s"1 
with a duration time of 100 seconds, and decreasing back to 1 s"1 with another duration time 
of 100 seconds. 
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To test the moldability of the infilling materials, patterned elastomeric molds were 
produced as follows. First, templates of parallel photoresist bars were patterned on silicon 
wafers by UV photolithography. Three types of such templates were created: the first type 
had a bar dimension of 1pm x Ipmx 4mm (width x height x length, square cross-section) 
with a line-to-line spacing (periodicity) of 2.5 micron; the second type had a bar dimension 
of 1.4pm x 0.8pm x 4mm (width x height x length, square cross-section) with a line-to-line 
spacing (periodicity) of 2.5 micron; the third type had a bar dimension of 0.45pm x 0.3pm x 
8mm (width x height x length, semicircular cross-section) with a line-to-line spacing 
(periodicity) of 1.0 micron. The sizes of the templates were 4 mm square for the 2.5 micron 
periodicity ones and 8mm square for the 1.0 micron periodicity one. The 2.5 micron 
templates thus consist of approximately 1600 bars while the 1.0 micron template consists of 
approximately 8000 bars. Elastomeric molds were created by pouring polydimethyl siloxane 
(PDMS, Dow Coming SYLGARD® 184) onto the templates of photoresist bars. After 
curing in an oven for three hours at 60°C, the rigid PDMS molds were peeled off from the 
silicon wafers, with negatives of the template structures (i.e. troughs) embedded within the 
molds. The molds were trimmed (using a razor blade) into 10mm squares with the patterns 
positioned at the center, then backsides of the molds were attached and positioned at the 
center of cover glass slides(18 x 18mm, Coming No. 18) in order to have a hard backplane 
support. The hard back plane support helped reduce the deformation of the elastomeric 
molds and eased the handling of the molds especially during spin-coating and molding 
processes. The PDMS molds prepared usually had a thickness of about 2mm. 
Two different methods were used to cast infilling materials into the troughs of PDMS 
molds. The casting process was carried out in a glove box with controlled atmosphere. The 
first method involved spin-coating (illustrated in Figure 1.10(a)). A PDMS mold attached to 
a cover glass slide was first placed and centered on the sample holder of the spin coater, 
followed by application of a couple drops of an infilling solution to cover the whole face of 
the mold. The PDMS mold was then immediately spun at 2000~6000rpm for 80-90 seconds. 
The spin speed was adjusted according to the solution viscosity. Usually a higher spin speed 
was used for solutions with a higher viscosity so excess material could be spun off from the 
face of the PDMS mold, leaving only the troughs filled with the infilling solution. The 
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intrinsic low surface energy of PDMS also assisted in the spin-off of excess material from 
face of the PDMS mold. After the infilling material was cast into the troughs by spin-coating, 
the PDMS mold was pressed onto a substrate (either a cover glass slide or a silicon wafer) 
with the patterned side (i.e. solution-filled troughs) facing the surface of the substrate. The 
second casting method, namely the 'press-on-drop' method (illustrated in Figure 1.10(b)), 
was done simply by applying a microliter drop (about 2-4 |iL) of an infilling solution on top 
of a substrate, then pressing onto the drop with the patterned side of a PDMS mold. While 
pressing the PDMS mold against the substrate after either of the two casting procedures, a 
point contact pressure was applied at the center of the cover glass slide (backplane) attached 
to the mold. The point contact pressing was used to ensure a uniform pressing across the 
mold. 
PDMS 
Cover Glass 
1 (Backplane) 
(b) 
F (Point-Contact Force) 
Cover Glass 
(Backplane) ^ i 
PDMS 
Substrate 
Figure 1.10 Schematic drawings of the infilling methods (a) Spin coating, (b) Press-on-Drop. 
After the casting and pressing steps, the sample was dried in low humidity 
environment for 24-48 hours. The PDMS mold was then carefully peeled away from the 
substrate with the peeling direction parallel to the trough direction. Since the substrate had a 
much higher surface energy than PDMS, the rigid infilling material tended to detach from the 
troughs and transfer onto the substrate. A pattern consisting of an array of parallel 
(pre)ceramic bars was therefore created on the substrate. Sample with bars made of titanium 
alkoxides were further aged inside a temperature controlled humidity chamber for another 
24-48 hours to complete the gelatin of the pre-ceramic materials. 
The dried and aged sample was broken into half for Scanning Electron Microscopy 
(SEM, Hitachi S-2460N). The sample was cleaved along the center of the pattern and the 
breaking direction was perpendicular to the bar direction. In this way the cross-sectional 
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dimensions of the bar structures could be determined for the shrinkage study. Bars from 
several different locations along the breaking boundary were inspected (e.g. center of the 
pattern, 1mm left to the center, etc.). After the dried and aged sample was inspected, it was 
fired in air to 550°C with a ramp up time of 5-8 hours and a soak time of 3-5 hours. The 
sample was then air cooled to room temperature for another SEM inspection at exactly same 
locations. Some samples were fired again in air to 800°C with a ramp up time of 2 hours and 
a soak time of 2 hours, and another SEM inspection was performed. The amount of 
shrinkage was determined by dividing the widths and heights of the bars with the widths and 
heights of the troughs in the PDMS mold at corresponding locations. The software used to 
measure the dimensions on SEM pictures was QUARTZ PCI v5.10 (Quartz Imaging 
Corporation). Statistical model multifactor ANOVA (Analysis of Variance) was utilized to 
determine what effects various processing parameters, such as infilling materials synthesis 
and firing temperatures, had on the drying and firing shrinkage of the ceramic bar structures. 
To examine crystalline phases, several batches of powder samples were obtained by 
drying out different solutions of infilling materials. Powders acquired from titanium 
alkoxides were further aged inside a temperature controlled humidity chamber for another 
24-48 hours. Crystallization and phase transformation of the powder samples were 
monitored using Differential Thermal Analysis (DTA), Thermogravimetric Analysis (TGA) 
and X-Ray Diffraction (XRD, SIEMENS D500). The heating rate used for the DTA and 
TGA analysis was 10°C/min. The XRD measurements were done using Cu Ka radiation (X 
=1.54056Â) at voltage of 50kV and current of 27mA. The scan step was 0.05° and the dwell 
time was 2 seconds between each step. The 26 range scanned was 20 - 72°. 
Ceramic films were also made with different solutions of infilling materials by spin-
coating on silicon substrates. The purpose of forming films was to observe the surface 
roughness and grain growth due to firing. The surface roughness and grain growth were 
inspected using an Atomic Force Microscope (AFM) with scan areas of 5 x 5 pm and 1 x 1 
pm. 
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RESULTS AND DISCUSSION 
VISCOSITY OF INFILLING MATERIALS 
The viscosity of TDBP at different concentrations was investigated. Figure 1.11 
shows the viscosity and shear stress of the solution at different concentrations (43wt%, 
30wt%, 20wt%, and 15wt%) as a function of shear rate. The decreases in viscosities below 
shear rate of 90 s"1 were caused by instrumental instability and did not present the actual 
rheology of the solutions at low shear rates. Above the shear rate of 100 s"1, the viscosity of 
each solution maintained nearly constant (with variance less than O.SmPas) with increase in 
the shear rate. The shear stress of each solution also showed a linear relationship with the 
shear rate. These suggested that the TDBP solutions exhibited a Newtonian-like behavior 
regardless their concentration levels. This suggested that the interaction between sol 
molecules was rather small. The viscosity of the solution generally increased with increasing 
concentration, except the viscosities of the two lowest concentration solutions (15wt% and 
20wt%) were identical. The viscosities of TDBP solutions at 43wt%, 30wt% and 20wt% 
were about 7mPas, 4mPas, and 3mPas, respectively. Overall, the viscosities of TDBP 
solutions even at the highest level seemed reasonably low for infiltration of submicron 
features. 
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Figure 1.11 Viscosity and shear stress measurements of TDBP solutions at the shear rate range of 0-500 1/sec 
The viscosity of titania suspension at different solids content was also investigated. 
The pH values of the suspensions ranged between 2.5 and 2.8. This range of values was 
away from the PZC values of the anatase and rutile phases reported in the literatures, 
indicating that the particles were positively charged and thus repulsive force existed between 
particles. This also suggested that the suspensions were at a stable state. Figure 1.12 shows 
the viscosity and shear stress of the suspension at different solids contents (40vol%, 30vol%, 
25vol%, 20vol%, and 10vol%) as a function of shear rate. The effect of fructose addition 
(10wt% of added titania) was also studied. Suspensions without fructose addition were 
plotted with solid markers while suspensions with fructose addition were plotted with hollow 
markers. Suspensions with the same solids contents were marked with like colors. It was 
observed that at solids loading above 25vol%, the suspensions exhibited a shear shinning 
behavior when no fructose was added. In contrast, at low solids loading such as 10vol% and 
20vol%, the suspensions exhibited a Newtonian behavior whether fructose was added or not. 
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Figure 1.12 Viscosity and shear stress measurements of titania slurries at the shear rate range of 0-500 1/sec. (a) 
Titania suspensions with solids contents of 10vol%, 20vol% and 25vol% with and without the addition of 
fructose, (b) Titania suspensions with solids contents of 30vol% and 40vol% with and without the addition of 
fructose. The inset shows the rheology of a titania suspension with 40vol% solids content without fructose. 
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Figure 1.12 (continued) 
The addition of fructose showed little effect on viscosity for suspensions with low 
solids contents of 10vol% and 20vol%. However, addition of fructose showed a noticeable 
viscosity reduction in suspensions with high solids contents. The viscosity displayed 16 fold, 
4 fold and 2 fold reduction for suspensions of 40vol%, 30vol% and 25vol%, respectively. 
Moreover, the addition of fructose appeared to alter the 30vol% and 25vol% suspensions 
from a shear thinning behavior to a Newtonian behavior. The changes of rheology in high 
solids loading suspensions seemed to support the claims that fructose increased the water 
mobility in between particles as well as lower the particle-particle interactions in aqueous 
colloidal suspensions [36]. Figure 1.13 illustrates the viscosity of the suspensions with and 
without fructose as a function of solids loading. An attempt was made to further lower the 
viscosities by adding more fructose to the suspensions (increased to 15wt% of titania). 
However, no effect was found as shown in Figure 1.13, where the viscosities with 15wt% 
fructose addition were identical with those with 10wt% fructose addition. For the application 
of mold infiltration, suspensions with lower solids contents and with addition of fructose 
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would be more suitable because of their lower viscosities. However, it is also desirable to 
have the highest solids content possible to improve density and avoid significant shrinkage of 
the molded ceramic structures. Thus, a proper solids content must retain a balance between 
the two competing factors in order to achieve the optimal condition for infiltration. 
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Figure 1.13 Viscosity of the suspension as a function of solids loading at shear rate = 100s"'. 
MOLDING 
The moldability of the titanium alkoxides and aqueous titania suspensions as 
examined with the use of patterned PDMS molds consisting of micro-channels. The SEM 
pictures of three types of molds used are shown in Figure 1.14. Channels in Type A mold 
had an average cross-sectional dimension of l^im x l|im (width x height, square cross-
section), and the channel-to-channel spacing (periodicity) of 2.5 micron. Channels in Type B 
also had a periodicity of 2.5 micron but had a different cross-sectional dimension of 1.4|uim x 
0.8|im (width x height, rectangular cross-section). Channels in Type C had an average cross-
29 
sectional dimension of 0.45pm x 0.3pm (width x height, semicircular cross-section) with a 
periodicity of 1.0 micron. The techniques of casting the materials into micro-channels of the 
PDMS molds were described previously. The main objective of this examination is to 
observe how well the infilled sol-gel precursors or slurries retained the shape of the channels 
after being transferred onto substrates. 
Type B 
t y p e  L  
X 2 5k 2 0 K V  2 ym 
Figure 1.14 Cross-sectional views of the PDMS molds with 2.5 micron periodicity and 1.0 micron periodicity. 
Figure 1.15 and Figure 1.16 shows examples of bar structures fabricated using PDMS 
molds Type A and B. 30wt% TDBP was cast into the molds by spin coating (performed in 
the glove box) at 3000rpm for 90 sec. The structures shown were aged in a humidity 
chamber and no heat treatment was yet performed. It was found that the spin speed needed 
to be adjusted according to the concentration, in direct relation to the viscosity of the 
precursor in order to ensure proper filling of the channels in the mold. For example, if a 
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lower concentration TDBP of 20wt% was to be used, then the precursor needed to be cast 
into the mold at a reduced spin speed of lOOOrpm or no structure would be transferred onto 
the substrate. 
The aged bars in the pictures appeared to retain the shapes of the channels, although 
some drying shrinkage was observed. An interesting "double-peak" feature was observed, 
where the height at the two edges of the bars were thicker than that at the center of the bars. 
This feature was also observed by other groups conducting similar micro-molding process 
with different sol-gel precursors [14, 15, 21]. The double-peak feature was thought be the 
direct result of the presence of the sharp corners in the square and rectangular channels. Two 
phenomena were concluded to be the primary causes of this nonuniform topography [21]. 
First being the preferential wetting of the sol-gel to the corners of the PDMS channel. Thus, 
the drying gel in a channel formed a concave shape after the sides debonded from the flat 
PDMS walls, while the corners were still in contact. Secondly, the evaporation rate at 
corners were much faster than that at the flat surfaces, which resulted in the development of a 
more densified gel layer at the corners compared to the flat surfaces and bulk of the bar. The 
corner regions of greater stiffness (i.e. higher elastic modulus) served to lock in the shape of 
the corners as the rest of the bar continued to dry and shrink, leading the formation of double-
peak profile. Another interesting observation was that the bars at the edges of the pattern 
(shown on the bottom right in Figure 1.15 and 1.16) appeared to be thicker than those in the 
center region. While the cause for this difference was not thoroughly investigated, it was 
possible that the bars at the edge regions experienced a faster drying than the ones at the 
center region. Therefore the bars at the edges got stiffened first, while the bars at the center 
region continued to dry and shrink a bit more. 
Another point worth noting on the aforementioned structures is that no cracking was 
observed after the aging and firing stages. As opposed to common sol-gel film processing, 
drying and firing cracks are usually produced in the films thicker than 0.5 micron. The 
absence of crack in the patterned array of lines was probably due to the noncontinuous nature 
of the array as oppose to a continuous film. Methods such as slow drying, supercritical 
drying and drying control additives are usually employed to avoid films cracking. However, 
these methods commonly lead to porous structures. 
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Figure 1.15 SEM pictures of the aged bar structure made with PDMS molds Type A and 30%wt TDBP. (a) 
45deg tilt view of the bar structures at center region of the pattern, (b) Cross-sectional view of the bar 
structures at center region of the pattern, (c) Cross-sectional view of the bar structures at edge region of the pattern. 
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Figure 1.16 SEM pictures of the aged bar structure made with PDMS molds Type B and 30%wt TDBP. (a) 
45deg tilt view of the bar structures at center region of the pattern, (b) Cross-sectional view of the bar 
structures at center region of the pattern, (c) Cross-sectional view of the bar structures at edge region of the pattern. 
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Figure 1.16 (continued) 
Figure 1.17(a) through (c) show a series of bar structures made of variations of sol-gel 
precursors. The precursors were cast into the PDMS molds by spin-coating in the glove box. 
The bars in figure 1.17(a) were made with 49wt% TIPP, showing the existence of an 
underlying layer and severe cracking. The more active nature of TIPP in the hydrolysis and 
condensation reactions, which led to rapid gelatin at the spin-coating stage, was believed to 
hinder the spin-off of the excess materials on top surface of the channels. The excess 
material eventually led to the formation of underlying layer and cracking in the transferred 
bar structures on the substrate. The structure in figure 1.17(b) was made with 30%wt TDBP 
with the addition of OIH2O and HC1. The bars appeared to be built of a continuous ribbon. 
Although the origin of this ribbon-like characteristic was not clear, it could be that the pre-
gelled TDBP precursor, which possessed a higher viscosity, also hindered the spin-off of the 
excess materials at the spin-coating stage. Therefore the excess materials on the plateaus as 
well as the ones filled in the channels got transferred onto the substrate all together, forming 
the ribbon-like structure. Figure 1.17c shows the bar structures made of a TDBP-TIPP hybrid 
precursor. The solution consisted of 30wt% TDBP and a TDBP-TIPP mole ratio of 10:1. 
The attempt for using this variation of TDBP precursor was to improve the sol-gel drying 
shrinkage, so the channel shape could be better retained. However, as suggested in the SEM 
picture, bars fabricated with this hybrid precursor showed no obvious improvement from the 
pure TDBP precursor. At a higher TDBP-TIPP mole ratio (e.g. 5:1), cracking was observed 
on the dried structures similar to what is shown in Figure 1.17(a). 
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If spin-coating of the precursors were preformed in air, excess materials on plateaus 
of the channels would gel rapidly and become too viscous for spin-off. The excess materials 
would then be transferred onto the substrate along with the bars, and existed as spacers in 
between bars as shown in Figure 1.17(d). 
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Figure 1.17 Cross-sectional views of the aged bar structure made with variations of TDBP solutions through 
spin-coating: (a) 49wt% TIPP, (b) 30wt% TDBP + H20 + HCl, and (c) 30wt%TDBP + TIPP (10:1 mole ratio) 
(d) 30wt% TDBP (cast in air). 
Figure 1.18(a) shows bar structure made with the second casting method (i.e. the 
press-on-drop method) and with Type A mold. Although TDBP precursor with the same 
concentration (i.e. 30wt%) was used, the bar sizes were much smaller than the ones shown in 
Figure 1.15. This implies that more solvent was removed from the precursor during the spin-
coating process while more solvent was retained in the precursor during the press-on-drop 
process. The spin-coating was able to compact and stiffen the sol-gel material within the 
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channels prior to its transfer onto the substrate, enabling the sol-gel bar to retain the shape of 
the channel better. Whereas in the press-on-drop casting method, the TDBP was still 
relatively fluid while being cast into the channels, in which the sol-gel material was more 
able to run off the channels during pressing of the PDMS mold. The bar structures made 
with press-on-drop method can be improved by inducing gellation to the TDBP precursor 
prior to the casting. This is demonstrated in Figure 1.18(b), where the bars were made of 
30wt% TDBP precursor with H2O and HCl addition. It should also be noted that the double-
peak feature was not observed on the bars made with the pre-gelled TDBP precursor. 
Figure 1.18 Cross-sectional views of the aged bar structure made with press-on-drop casting method, (a) Bar 
structures made of 30%wt TDBP precursor, (b) Bar structures made of 30%wt TDBP precursor with DI H20 
and HCl addition. 
Figure 1.19 shows examples of bar structures fabricated using aqueous titania 
suspensions. PDMS molds Type A and C were used. The titania suspensions were cast into 
the molds by the press-on-drop method. The spin coating casting method was not feasible 
for the aqueous suspension since water poorly wet PDMS (water wetting angle - 110° [38]), 
and the titania suspension would spin-off the mold without infiltrating the channels. Figure 
1.19(a) shows the dried structure made of 30vol% titania suspension with fructose addition 
(10wt% of titania). The bars retain the shapes of the channels with little drying shrinkage, 
and no distortion such as the double-peak profile was observed. However, a relatively thick 
underline layer was formed. It is due to the higher viscosity of the aqueous titania 
suspension, in which the excess materials could not be entirely squeezed out when the PDMS 
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mold was pressed against the substrate. On the other hand, this thick underline layer did not 
seem to affect the bar structures during drying and firing, nor did it cause any drying or firing 
cracks in the overall structure. Figure 1.19(b) demonstrated that a smaller scale structures 
could still be achieved by the use of same aqueous titania suspension. Although the bars 
made of aqueous titania suspensions exhibited an increased roughness than the bars made of 
sol-gel precursors (to be discussed in the next section), the slurry-made structures in this 
work were achieved at smaller scales and exhibited much smoother surfaces than other 
slurry-based structures published [16-20, 39, 40]. Moreover, titania suspensions of 30vol% 
or higher appeared to be the better candidates for the micromolding. As illustrated in figure 
1.19(c), non-uniform bar structures were produced with the use of a lower solids content 
suspension of 20vol%. 
Figure 1.19 SEM pictures of the dried bar structure made with (a) PDMS mold Type A and 30%vol titania 
suspension with fructose, (b) PDMS mold Type C and 30%vol titania suspension with fructose, and (c) PDMS 
mold Type A and 20%vol titania suspension with fructose. Pictures on the left show 45deg tilt views of the bar 
structures at center region of the pattern. Pictures on the right show cross-sectional views of the bar structures 
at center region of the pattern. 
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Figure 1.19 (continued) 
DRYING AND FIRING SHRINKAGE 
Drying and firing shrinkage of the molded ceramic bars were investigated. Two tests 
were performed. The first test mainly focused on the effects of seven different solution 
compositions (factor A) on shrinkage, while at the same time monitored the effects of drying 
and firing (factor B) on shrinkage. Two separate solutions were made for each type of 
composition to fabricate two sets of bar structures (i.e. two replicates), thus a total of fourteen 
specimens were prepared. PDMS Type A mold and press-on-drop casting methods were 
used for this study. The preparation order for each specimen was randomized. Descriptions 
of the factors and levels are summarized below in Table 1.3: 
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Table 1.3 Control factors and levels designed for the study of ceramic bar shrinkage 
Factor Level 
A Solution Composition 1 43wt% TDBP 
2 30wt% TDBP 
3 30wt% TDBP + HCl 
4 30wt% TDBP + H2O + HCl 
5 30wt% TDBP + TIPP (10:1 mole ratio) 
6 30vol% TiOa suspension 
7 25vol% TiOa suspension 
B Aged/Fired 1 Dried/Aged 
2 Fired to 550°C 
The dried and aged samples were broken into half and inspected with SEM to picture 
two locations (1mm apart from each other) of the cross-section views of the bars. The 
samples were then fired in air to 550°C and another inspection was performed on the same 
two locations. Only the height and top width of the bars at each pictured location were 
measured by Quartz PCI Viewer software, with at least three bars measured for each location. 
Examples of the measured SEM pictures are shown in figure 1.20. 
Figure 1.20 SEM pictures of the cross-section view of the bars located at the center of (a) specimen TN4041 
(30wt% TDBP + H20 + HCl), and (b) specimen TN406 (30.0vol% Ti02 suspension). Magnification lOkx. 
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Figure 1.20 (continued) 
The average values of bar height and top width were obtained from all the 
measurements. The shrinkage of the bars was determined by dividing the average bar height 
and top width with the average channel height and bottom width of the PDMS Type A mold 
at same two locations. The average shrinkages (in terms of fraction of the original channel 
dimensions) of bars in each specimen are summarized below in Table 1.4. 
Table 1.4 Average shrinkage of the bars in each specimen 
Specimen 
ID Solution Type Aged/Fired 
Top width 
Shrinkage 
Height 
Shrinkage 
TN401 A 43wt% TDBP Dried/Aged 0.43 0.42 
TN401 F 43wt% TDBP Fired to 550°C 0.34 0.27 
TN401 F 43wt% TDBP Fired to 800°C 0.32 0.25 
TN407 A 43wt% TDBP Dried/Aged 0.45 0.43 
TN407F 43wt% TDBP Fired to 550°C 0.38 0.34 
TN407F 43wt% TDBP Fired to 800°C 0.35 0.31 
TN403A 30wt% TDBP Dried/Aged 0.43 0.36 
TN403F 30wt% TDBP Fired to 550°C 0.34 0.26 
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Table 1.4 (continued) 
Specimen 
ID Solution Type Aged/Fired 
Top width 
Shrinkage 
Height 
Shrinkage 
TN409A 30wt% TDBP Dried/Aged 0.42 0.37 
TN409F 30wt% TDBP Fired to 550°C 0.35 0.31 
TN404A 30wt% TDBP + HCl Dried/Aged 0.31 0.24 
TN404F 30wt% TDBP + HCl Fired to 550°C 0.26 0.22 
TN410A 30wt% TDBP + HCl Dried/Aged 0.31 0.27 
TN410F 30wt% TDBP + HCl Fired to 550°C 0.25 0.21 
TN4041A 30wt% TDBP + H20 + HCl Dried/Aged 0.53 0.60 
TN4041F 30wt% TDBP + H20 + HCl Fired to 550°C 0.40 0.52 
TN4041F 30wt% TDBP + H20 + HCl Fired to 800°C 0.37 0.50 
TN4101A 30wt% TDBP + H20 + HCl 
30wt% TDBP + H20 + HCl 
30wt% TDBP + H20 + HCl 
Dried/Aged 0.45 0.42 
TN4101F Fired to 550°C 0.37 0.36 
TN4101F Fired to 800°C 0.33 0.37 
TN405A 
30wt% TDBP + TIPP 
(10:1 mole ratio) Dried/Aged 0.41 0.32 
TN405F 
30wt% TDBP + TIPP 
(10:1 mole ratio) Fired to 550°C 0.33 0.25 
TN411A 
30wt% TDBP + TIPP 
(10:1 mole ratio) Dried/Aged 0.45 0.42 
TN411 F 
30wt% TDBP + TIPP 
(10:1 mole ratio) Fired to 550°C 0.37 0.33 
TN406A 30vol% Ti02 suspension Dried/Aged 0.98 0.90 
TN406F 30vol% Ti02 suspension Fired to 550°C 0.96 0.92 
TN406F 30vol% Ti02 suspension Fired to 800°C 0.97 0.84 
TN412A 30vol% Ti02 suspension Dried/Aged 1.00 0.95 
TN412 F 30vol% Ti02 suspension Fired to 550°C 0.96 0.93 
TN412F 30vol% Ti02 suspension Fired to 800°C 0.95 0.88 
TN4062A 25vol% Ti02 suspension Dried/Aged 0.90 0.83 
TN4062F 25vol% Ti02 suspension Fired to 550°C 0.89 0.81 
TN4062F 25vol% Ti02 suspension Fired to 800°C 0.86 0.81 
TN4122 A 25vol% Ti02 suspension Dried/Aged 0.93 0.93 
TN4122F 25vol% Ti02 suspension Fired to 550°C 0.92 0.91 
TN4122F 25vol% Ti02 suspension Fired to 800°C 0.90 0.90 
To determine effects of the seven different solution compositions on shrinkage, two-
factor ANOVA analysis model was used with the aid of JMP statistical software. The 
mathematical model for this study is shown as followed: 
Xjjk — fx + otj + Pj + yij + Sjjk i= 1,2, 3,4, 5,6, 7;j = l,2;k= 1,2 (1-15) 
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(1 is the true average response, and eijk is the random amount (residual) by which the 
observed value differs from its expectation. The Ep's are assumed to be independent and 
normally distributed, each with mean 0 and variance a2. % is the main effect of factor A at 
level i, and (3j is the main effect of factor B at level j. % represents the two factor interaction. 
The restrictions for the above mathematical model are £oii = 0, XPj = 0, = 0, and XYj = 0. 
The restrictions are necessary in order to obtain uniquely defined parameters. With the 
aforementioned assumption of Eyk's and restrictions, the expected value of Xyk is therefore 
equal to (J, + a; + |3j + Yy. The calculated unbiased estimates of the parameters (generated by 
IMP) are shown in Appendix 1.1. 
To test the hypotheses of interest (such as interactions and main effects), sums of 
squares (SS) and expected mean squares (MS) were calculated to obtain test statistic values (f) 
and P-values. The P-values were used to determine whether a null hypothesis (Ho) was to be 
rejected at certain significance level (a). If a P-values was smaller or equal to a, Ho was 
rejected. If a P-value was larger than a, Ho was not rejected. The results of the analysis are 
summarized in the ANOVA tables (generated by JMP) shown in Table 1.5 and 1.6. 
Table 1.5 ANONA table (bar height) 
Source DF Sum of Squares Mean Square f P-values 
Soin Type 6 1.8641429 0.310690 82.3801 <.0001 
Aged/Fired 1 0.0240143 0.024014 6.3674 0.0243 
Soin Type* Aged/Fired 6 0.0100857 0.001681 0.4457 0.8362 
Error 14 0.0528000 0.003771 
Total 27 1.9510429 
Table 1.6 ANONA table (bar top width) 
Source DF Sum of Squares Mean Square f P-values 
Soin Type 6 1.8762500 0.312708 583.7222 <.0001 
Aged/Fired 1 0.0276571 0.027657 51.6267 <.0001 
Soin Type* Aged/Fired 6 0.0065929 0.001099 2.0511 0.1258 
Error 14 0.0075000 0.000536 
Total 27 1.9180000 
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The two factor interactions hypothesis was tested first with the null hypothesis HQAB: 
all Yij's = 0. The p-values obtained from the ANOVA tables were 0.8362 and 0.1258, which 
were larger than any reasonable significant level (e.g. 0.01, 0.05 and even 0.10). HQAB was 
thus not rejected and it was concluded that the two factor interactions were not significant. 
Secondly, the main effects hypotheses were tested with the null hypotheses HQA: all a/s = 0 
and HOB: all pj's = 0. At a significance level of 0.05, both the solution types and the heat 
treatment appeared to have effects on the shrinkage of the bar height and width. Tukey's 
procedure was applied to compare the differences among the solution compositions regarding 
to their effects on shrinkage. The detailed computation data of Tukey's method generated by 
JMP are shown in Appendix 1.2. The summarized results are shown in Table 1.7 and Table 
1.8. Aqueous titania suspensions exhibited obvious improvement in reducing dying and 
firing shrinkage over titania sol-gel precursors. Bars made of aqueous titania suspensions 
had an average of 3-10% linear shrinkage after dried and fired to 550°C, while bars made of 
sol-gel precursors suffered much more severe linear shrinkage of 50 - 75%. The two 
aqueous suspensions had the same effect on the shrinkage of bar height, while the suspension 
with 30vol% showed better improvement in reducing the shrinkage of bar top width. 
According to Tukey's method, sol-gel precursors consisting of 30wt% TDBP + H%0 + HCl, 
43wt% TDBP, and 30wt% TDBP + TIPP appeared to have the same effect on the linear 
shrinkage of bars. Tukey's method also suggested that precursors composed of 30wt% 
TDBP + TIPP and 30wt% TDBP had the same effect on the linear shrinkage, indicating that 
the hybrid precursor was ineffective in reducing drying and firing shrinkages over the single-
component precursor. Lastly, sol-gel precursor consisted of 30wt% TDBP + HCl appeared 
to be the worst solution composition in terms of its effect on shrinkage. 
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Table 1.7 Summarized results of multiple comparisons using Tukey's procedure (bar height) 
Level Least Sq Mean 
6 (30.0vol% TiO% suspension) A 0.9250 
7 (25.0vol% TiOi suspension) A 0.8700 
4 (30wt% TDBP + H20 + HCl) B 0.4750 
1 (43wt% TDBP) B C 0.3650 
5 (30wt% TDBP + TIPP (10:1 mole ratio)) B C 0.3300 
2 (30wt% TDBP) C 0.3250 
3 (30wt% TDBP + HCl) C 0.2350 
Note: Levels not connected by same letter are significantly different 
Table 1.8 Summarized results of multiple comparisons using Tukey's procedure (bar top width) 
Level Least Sq Mean 
6 (30.0vol% TiOz suspension) A 0.9750 
7 (25.0vol% TiOz suspension) B 0.9100 
4 (30wt% TDBP + H20 + HCl) C 0.4375 
1 (43wt% TDBP) C 0.4000 
5 (30wt% TDBP + TIPP (10:1 mole ratio)) C 0.3900 
2 (30wt% TDBP) C 0.3850 
3 (30wt% TDBP + HCl) D 0.2825 
Note: Levels not connected by same letter are significantly different 
The second test focused on the effects of firing temperatures on shrinkage. Selective 
specimens from the first test were further fired to 800°C for this test. Modified factors and 
levels are summarized below in Table 1.9. The average firing shrinkages (in terms of fraction 
of the original channel dimensions) of bars in each specimen were listed in Table 1.4. Two-
factor ANOVA analysis was also selected for this study, and the results of the analysis are 
summarized in the ANOVA tables (generated by JMP) shown in Table 1.10 and 1.11. The 
two factor interactions hypothesis was tested first with the null hypothesis HQAB: all yij's = 0. 
The p-values obtained from the ANOVA tables were 0.9065 and 0.7233, which were larger 
than any reasonable significant level (e.g. 0.01, 0.05 and even 0.10). H0AB was thus not 
rejected and it was concluded that the two factor interactions were not significant. Secondly, 
the main effects hypotheses were tested with the null hypotheses HQA: all a,'s = 0 and HOB: all 
Pj's = 0. At a significance level of 0.05, the firing temperatures appeared to have no 
significant effect on either the shrinkage of bar height or the shrinkage of bar top width. 
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Table 1.9 Control factors and levels designed for the study of ceramic bar shrinkage 
Factor Level 
A Solution Composition 1 43wt% TDBP 
2 30wt% TDBP + H20 + HCl 
3 30vol% Ti02 suspension 
4 25vol% Ti02 suspension 
B Firing Temperature 1 Fired to 550°C 
2 Fired to 800°C 
Table 1.10 ANONA table (bar height) 
Source DF Sum of Squares Mean Square f P-values 
Soin Type 3 1.0849 0.3616 81.7250 <.0001 
Fired550°C/Fired800°C 1 0.0025 0.0025 0.5650 0.4738 
Soin Type* 
Fired550°C/Fired800°C 
3 0.0024 0.0008 0.1808 0.9065 
Error 8 0.0354 0.0044 
Total 15 1.1252 
Table 1.11 ANONA table (bar top width) 
Source DF Sum of Squares Mean Square f P-values 
Soin Type 3 1.3038 0.4346 880.2152 <0001 
Fired550°C/Fired800°C 1 0.0018 0.0018 3.6582 0.0922 
Soin Type* 
Fired550°C/Fired800°C 
3 0.0006 0.0002 0.4515 0.7233 
Error 8 0.0039 0.0004 
Total 15 1.3102 
SURFACE ROUGHNESS 
Figure 1.21 shows the AFM scans of a film made with the TDBP precursor treated at 
550°C and 800°C. The film was made by spin-coating the sol-gel precursor on a silicon 
substrate at 1500rpm for 60 seconds. The film was dried in an alcohol chamber and then 
aged in a humidity chamber prior to the heat treatments. Crystallites in the size range of 20-
30nm could be clearly observed at 550°C. The RMS surface roughness (of a 5 x 5 |xm scan 
area, not shown) was in the order of 0.694nm. The crystallite size increased to 50-100nm 
after the film was treated at 800°C, and the RMS surface roughness was also increased to the 
order of 3.026nm, although this order of roughness might not affect the optical wavelength 
44 
properties. The AFM image also suggested a film densification accompanied the crystallite 
growth. Figure 1.22 shows the AFM scans of a film made with 30vol% aqueous titania 
suspension treated at 550°C and 800°C. The film was made by spin-coating the titania slurry 
on a silicon substrate at 1500rpm for 60 seconds. The film was dried in air prior to the heat 
treatments. Much larger agglomerates (secondary particles) in the size range of 100-200nm 
were observed at 550°C. The RMS surface roughness, in the order of 26.480nm, was also 
significantly higher than that of the film made with TDBP precursor. The size of the 
secondary particles increased to 200-250nm after the film was treated at 800°C, and the RMS 
surface roughness raised to the order of 45.402nm. The relatively large agglomerate size and 
higher surface roughness in films made of the titania aqueous suspensions could result a 
higher scattering loss and lower transmittance [41-43]. 
Figure 1.21 AFM scans of the TDBP film treated at 550°C (top) and 800°C (bottom). Z scale = 20nm. 
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Figure 1.21 (continued) 
Figure 1.22 AFM scans of film made with 30vol% aqueous titania suspension treated at 550°C (top) and 800°C 
(bottom). Z scale = 200nm. 
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Figure 1.22 (continued) 
PHASE TRANSFORMATION 
DTA-TG curves of the powders from the TDBP precursor without additives and the 
precursor with addition of DI H2O and HC1 are shown in Figure 1.23. Both powders 
underwent thermal decompositions between 200°C and 450°C as indicated by the exothermic 
peaks and weight losses on the DTA and TGA curves. The DTA curve of the powder 
obtained from the precursor with additives exhibited another exothermic peak between 
300°C and 400°C, which indicated the oxidation of an organic compound induced by the 
addition of H%0 and HC1 into the precursor. The origin of the exothermic peaks between 
450°C and 500°C on both DTA curves are not certain, as it could be an indication of another 
organic combustion or the phase transformation from amorphous to anatase. The first 
explanation might be more probable since the TGA curves in that temperature range 
indicated weight losses. The phase transformations from amorphous to anatase and from 
anatase to rutile were not explicitly captured by the DTA curves, although these phase 
transformations did occur as later confirmed by XRD measurements. Unlike powders 
obtained from aqueous titania suspensions, powders obtained from titanium alkoxide 
precursor suffered substantial weight loss (up to 70% loss) after firing. 
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Figure 1.23 DTA-TGA curves of powders from the TDBP precursor without additives and the precursor with 
addition of DIH20 and HC1. The solid lines are DTA curves and the dotted line is the TGA curve. 
Figure 1.24 shows the XRD patterns of the powders obtained from the TDBP 
precursor without additives and the precursor with addition of DI H%0 and HC1. The thermal 
analyses were performed after the powders were dried and aged in a humidity chamber. 
XRD measurements were performed for powders at room temperature, fired to 550°C (ramp 
up time = 5 hours/annealing time = 3 hours) and fired to 800°C (ramp up time = 2 
hours/annealing time = 2 hours). Measurements were done after the powders were cooled to 
room temperature after firing. Prior to the heat treatment, both powders exhibited an 
amorphous phase. Distinct anatase phase and a small portion of rutile phase started to show 
after the powders were treated at 550°C. The fraction of rutile phase appeared to be greater 
in powder obtained from the TDBP solution with no additives. All the anatase phase content 
in both powders changed to rutile phase at 800°C. 
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Figure 1.24 XRD patterns of powder from (a) the TDBP precursor without additives and (b) the precursor with 
addition of DI HzO and HC1. 
DTA-TG curves of the powders obtained by drying aqueous titania suspensions are 
shown in Figure 1.25. On the TGA curve (dotted blue line), powder obtained from 
suspension with 10wt% fructose showed exactly 10wt% loss after being heated through 
900°C. The decomposition of fructose started at around 100°C and completed at 400°C. The 
DTA curve also showed a strong exothermic transition in between this temperature range. 
Exothermic phase transformation peaks were observed between 780°C and 790°C on 
powders obtained from suspensions with and without fructose additions. This was the 
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transformation from the anatase phase to the rutile phase, and was later verified by XRD 
measurements. The addition of fructose did not affect the phase transformation temperature. 
However, as-received powder (not added into DI water) showed no explicit endothermic or 
exothermic peaks along the whole heating process. 
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Figure 1.25 DTA-TGA curves of powders from aqueous titania suspensions and of as-received NanoTek® 
powder. The solid lines are DTA curves and the dotted lines are TGA curves. 
Figure 1.26 shows the XRD patterns of the powder obtained from aqueous titania 
suspension without fructose and the as-received NanoTek® powder. XRD measurements 
were performed for powders at room temperature, fired to 550°C (ramp up time = 5 
hours/annealing time = 3 hours) and fired to 800°C (ramp up time = 2 hours/annealing time = 
2 hours). Measurements were done after the powders were cooled down to room temperature 
after firings. The Anatase phase in both powders stayed stable at 550°C, but transformed 
sharply to the rutile phase at 800°C in powder obtained from the aqueous suspension. 
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Almost all the anatase phase content in such powder changed to rutile phase at 800°C. 
Interestingly, only part of the anatase phase content in as-received NanoTek® changed to 
rutile phase at 800°C, resulting a ratio of approximately 1:1 between these two phases. 
Although the origins of such difference in phase transformation temperature were not 
determined, the hydrolysis of titania partices in water might have modified the surface groups 
to promote the phase transformation. The XRD pattern of powder obtained from the aqueous 
titania suspension with fructose is similar to that from the suspension without fructose, and 
thus is not shown here. 
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Figure 1.26 XRD patterns of (a) powder from the titania suspension without fructose and (b) as-received 
NanoTek® powder. 
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Figure 1.26 (continued) 
The XRD patterns of each powder were also used to determine the sizes of crystallites 
in the anatase and rutile phase. Table 1.12 summarizes the crystallite sizes estimated from 
XRD line broadening using the Scherrer equation: 
KÂ Crystallite Size = (I-16) 
B cos dB  
where K is the shape factor (in the range of 0.9 to 1), X is the wavelength of the X-ray 
radiation (X =1.54056À), B is the FWHM (in radians), and 6b is the half diffraction angle of 
the centroid of the peak. Among all powders, the crystallite sizes of the anatase and rutile 
phases increased slightly at 550°C, and then the crystallites underwent significant growth at 
800°C, corresponding to the observations made by AFM scans. The crystallites in as-
received NanoTek powder experienced the least growth from 550°C to 800°C, while 
crystallites in other powders experienced 2-3 times growth. At 550°C, the powders from 
TDBP precursors had the smallest anatase crystallites, while rutile crystallites in all powders 
had similar sizes. At 800°C, the as-received NanoTek powder had the smallest crystallite 
sizes in both anatase and rutile phases among all the powders. 
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Table 1.12 Crystallite sizes (nm) of the titania powders obtained from various routes 
Before Fired 550°C 800°C 
As-received 
NanoTek powder 
Anatase (101) 32.5 38.1 53.3 
Rutile (110) 32.2 35.8 63.1 
Titania 
suspension with 
fructose 
Anatase (101) - 39.3 >100 
Rutile (110) - 37.1 91.3 
Titania 
suspension 
without fructose 
Anatase (101) 34.8 37.7 78.5 
Rutile (110) 26.3 31.2 94.9 
TDBP precursor Anatase (101) - 22.6 -
Rutile (110) - 33.1 84.7 
TDBP precursor 
+ DI H20 + HC1 
Anatase (101) - 24.3 -
Rutile (110) - 35.9 89.3 
CONCLUSION 
Infilling materials synthesized with titanium alkoxide precursors and aqueous 
suspensions of nanosize titania particles were studied. The rheology, moldability, drying and 
firing shrinkage, surface roughness and phase transformation of the infilling materials were 
investigated and characterized. The viscosities of the solutions increased with increasing 
concentration or solids contents. Aqueous titania suspensions with fructose addition 
exhibited lower viscosities than the ones of the same solids contents without fructose 
addition. The reduction in viscosity was most significant at high solids content. The molded 
bar structures made of TDBP precursors displayed a double-peak feature, and this feature 
seemed to be reduced with H2O and HC1 additions in the precursors. The bar structures 
made of TDBP precursors also suffered significant drying and firing shrinkages, and none of 
the solution compositions formulated showed improvement to shrinkage. On the other hand, 
bar structures made of aqueous titania suspensions were able to retain the shapes of the 
PDMS mold channels with little drying and firing shrinkage, and no distortion such as the 
double-peak feature was observed. Films made with sol-gel precursors exhibited much 
smoother surface than the ones made with aqueous titania suspensions as indicated by AFM 
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scans. During XRD characterizations, both types of infilling materials were found to possess 
a majority of the anatase phase up to 550°C, and underwent rapid transformation to the rutile 
phase after heat treatment at 800°C. The crystallite sizes of the anatase and rutile phases 
increased slightly at 550°C, and then the crystallites underwent significant growth at 800°C. 
This growth was also observed by AFM scans. 
In the application of photonic bandgap crystals, aqueous titania suspensions are better 
candidates for fabricating larger scale crystals operating in the IR frequency range since the 
surface roughness might not be critical at this wavelength range. The minimal structural 
shrinkage also makes the use of slurry based infilling materials more preferable. As photonic 
crystals scale down to the visible frequency range, where surface roughness becomes more 
critical and infiltration gets more difficult, sol-gel based infilling materials would be more 
suitable due to their relatively low viscosities and ability to create smoother surfaces. 
However, dimensions of the molds would need to be designed to compensate for the 
shrinkage of the sol-gel materials. 
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APPENDIX 1.1 JMP COMPUTED ESTIMATES OF 
PARAMETERS 
Table 1.13 Parameters estimates for bar height 
Term Scaled Estimate Plot Estimate Std Error t Ratio Prob>|t| 
Intercept 0.5035714 •••i 0.011606 43.39 <.0001 
A[l] -0.138571 0.028428 -4.87 0.0002 
A[2] -0.178571 0.028428 -6.28 <.0001 
A[3] -0.268571 0.028428 -9.45 <.0001 
A[4] -0.028571 1 1 1 0.028428 -1.01 0.3319 
A[5] -0.173571 0.028428 -6.11 <.0001 
A[6] 0.4214286 •nUHHB 0.028428 14.82 <.0001 
A[7] 0.3664286 ••• 1 0.028428 12.89 <.0001 
B[l] 0.0292857 1 1 1 0.011606 2.52 0.0243 
B[2] -0.029286 1 1 1 0.011606 -2.52 0.0243 
A[1]*B[1] 0.0307143 1 1 1 0.028428 1.08 0.2982 
A[1]*B[2] -0.030714 1 1 1 0.028428 -1.08 0.2982 
A[2]*B[1] 0.0107143 1 1 1 0.028428 0.38 0.7119 
A[2]*B[2] -0.010714 1 1 1 0.028428 -0.38 0.7119 
A[3]*B[1] -0.009286 1 I 1 0.028428 -0.33 0.7488 
A[3]*B[2] 0.0092857 1 1 1 0.028428 0.33 0.7488 
A[4]*B[1] 0.0057143 1 1 0.028428 0.20 0.8436 
A[l] -0.005714 1 1 1 0.028428 -0.20 0.8436 
A[2] 0.0107143 1 1 1 0.028428 0.38 0.7119 
A[3] -0.010714 1 1 1 0.028428 -0.38 0.7119 
A[4] -0.029286 1 1 1 0.028428 -1.03 0.3204 
A[5] 0.0292857 1 1 1 0.028428 1.03 0.3204 
A[6] -0.019286 1 1 1 0.028428 -0.68 0.5086 
A[7] 0.0192857 1 U 1 0.028428 0.68 0.5086 
Note: A[l] = ai; A[1]*B[1] = Yn; other terms by analogy 
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Table 1.14 Parameters estimates for bar top width 
Term Scaled Estimate Plot Estimate Std Error t Ratio Prob>|t| 
Intercept 0.54 —— 0.004374 123.45 <.0001 
A[l] -0.14 mm 0.010714 -13.07 <.0001 
A[2] -0.155 0.010714 -14.47 <.0001 
A[3] -0.2575 0.010714 -24.03 <.0001 
A[4] -0.1025 i «* i 0.010714 -9.57 <.0001 
A[5] -0.15 0.010714 -14.00 <.0001 
A[6] 0.435 ——— 0.010714 40.60 <.0001 
A[7] 0.37 = i 0.010714 34.53 <.0001 
B[l] 0.0314286 i i i 0.004374 7.19 <.0001 
B[2] -0.031429 i i i 0.004374 -7.19 <.0001 
A[1]*B[1] 0.0085714 i i i 0.010714 0.80 0.4371 
A[1]*B[2] -0.008571 i i i 0.010714 -0.80 0.4371 
A[2]*B[1] 0.0085714 i i i 0.010714 0.80 0.4371 
A[2]*B[2] -0.008571 i i i 0.010714 -0.80 0.4371 
A[3]*B[1] -0.003929 i i i 0.010714 -0.37 0.7194 
A[3]*B[2] 0.0039286 i i 0.010714 0.37 0.7194 
A[4]*B[1] 0.0210714 i i i 0.010714 1.97 0.0694 
A[4]*B[2] -0.021071 i i i 0.010714 -1.97 0.0694 
A[5]*B[1] 0.0085714 i i i 0.010714 0.80 0.4371 
A[5]*B[2] -0.008571 i i i 0.010714 -0.80 0.4371 
A[6]*B[1] -0.016429 i i i 0.010714 -1.53 0.1475 
A[6]*B[2] 0.0164286 i i i 0.010714 1.53 0.1475 
A[7]*B[1] -0.026429 i i i 0.010714 -2.47 0.0272 
A[7]*B[2] 0.0264286 i i i 0.010714 2.47 0.0272 
Note: A[l] = ai; A[1]*B[1] = Yn; other terms by analogy 
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APPENDIX 1.2 COMPUTATION DATA OF TUKEY'S 
MULTIPLE COMPARISON METHOD GENERATED BY JMP 
Table 1.15 Tukey's method for bar height 
Alpha = 0.050 Q = 3.41455 LSMean[i] By LSMean[i] 
Mean[i]-Mean[j] 1 2 3 4 5 6 7 
Std Err Dif 
Lower CL Dif 
Upper CL Dif 
1 0 0.04 0.13 -0.11 0.035 -0.56 -0.505 
0 0.04342 0.04342 0.04342 0.04342 0.04342 0.04342 
0 -0.1083 -0.0183 -0.2583 -0.1133 -0.7083 -0.6533 
0 0.18828 0.27828 0.03828 0.18328 -0.4117 -0.3567 
2 -0.04 0 0.09 -0.15 -0.005 -0.6 -0.545 
0.04342 0 0.04342 0.04342 0.04342 0.04342 0.04342 
-0.1883 0 -0.0583 -0.2983 -0.1533 -0.7483 -0.6933 
0.10828 0 0.23828 -0.0017 0.14328 -0.4517 -0.3967 
3 -0.13 -0.09 0 -0.24 -0.095 -0.69 -0.635 
0.04342 0.04342 0 0.04342 0.04342 0.04342 0.04342 
-0.2783 -0.2383 0 -0.3883 -0.2433 -0.8383 -0.7833 
0.01828 0.05828 0 -0.0917 0.05328 -0.5417 -0.4867 
4 0.11 0.15 0.24 0 0.145 -0.45 -0.395 
0.04342 0.04342 0.04342 0 0.04342 0.04342 0.04342 
-0.0383 0.00172 0.09172 0 -0.0033 -0.5983 -0.5433 
0.25828 0.29828 0.38828 0 0.29328 -0.3017 -0.2467 
5 -0.035 0.005 0.095 -0.145 0 -0.595 -0.54 
0.04342 0.04342 0.04342 0.04342 0 0.04342 0.04342 
-0.1833 -0.1433 -0.0533 -0.2933 0 -0.7433 -0.6883 
0.11328 0.15328 0.24328 0.00328 0 -0.4467 -0.3917 
6 0.56 0.6 0.69 0.45 0.595 0 0.055 
0.04342 0.04342 0.04342 0.04342 0.04342 0 0.04342 
0.41172 0.45172 0.54172 0.30172 0.44672 0 -0.0933 
0.70828 0.74828 0.83828 0.59828 0.74328 0 0.20328 
7 0.505 0.545 0.635 0.395 0.54 -0.055 0 
0.04342 0.04342 0.04342 0.04342 0.04342 0.04342 0 
0.35672 0.39672 0.48672 0.24672 0.39172 -0.2033 0 
0.65328 0.69328 0.78328 0.54328 0.6X828 0.09328 0 
Level Least Sq Mean 
6 A 0.92500000 
7 A 0.87000000 
4 B 0.47500000 
1 B C 0.36500000 
5 B C 0.33000000 
2 C 0.32500000 
3 C 0.23500000 
Levels not connected by same letter are significantly different 
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Table 1.16 Tukey's method for bar top width 
Alpha= 0.050 Q = 3.41455 LSMean[i] By LSMean[j] 
Mean[i]-Mean[j] 
Std Err Dif 
1 2 3 4 5 6 7 
Lower CL Dif 
Upper CL Dif 
1 0 0.015 0.1175 -0.0375 0.01 -0.575 -0.51 
0 0.01637 0.01637 0.01637 0.01637 0.01637 0.01637 
0 -0.0409 0.06162 -0.0934 -0.0459 -0.6309 -0.5659 
0 0.07088 0.17338 0.01838 0.06588 -0.5191 -0.4541 
2 -0.015 0 0.1025 -0.0525 -0.005 -0.59 -0.525 
0.01637 0 0.01637 0.01637 0.01637 0.01637 0.01637 
-0.0709 0 0.04662 -0.1084 -0.0609 -0.6459 -0.5809 
0.04088 0 0.15838 0.00338 0.05088 -0.5341 0.4691 
3 -0.1175 -0.1025 0 -0.155 -0.1075 -0.6925 -0.6275 
0.016.37 0.01637 0 0.01637 0.01637 0.01637 0.01637 
-0.1734 -0.1584 0 -0.2109 -0.1634 -0.7484 -0.6834 
-0.0616 -0.0466 0 -0.0991 -0.0516 -0.6366 -0.5716 
4 0.0375 0.0525 0.155 0 0.0475 -0.5375 -0.4725 
0.01637 0.01637 0.01637 0 0.01637 0.01637 0.01637 
-0.0184 -0.0034 0.09912 0 -0.0084 -0.5934 -0.5284 
0.09338 0.10838 0.21088 0 0.10338 -0.4816 -0.4166 
5 -0.01 0.005 0.1075 -0.0475 0 -0.585 -0.52 
0.01637 0.01637 0.01637 0.01637 0 0.01637 0.01637 
-0.0659 -0.0509 0.05162 -0.1034 0 -0.6409 -0.5759 
0.04588 0.06088 0.16338 0.00838 0 -0.5291 -0.4641 
6 0.575 0.59 0.6925 0.5375 0.585 0 0.065 
0.01637 0.01637 0.01637 0.01637 0.01637 0 0.01637 
0.51912 0.53412 0.63662 0.48162 0.52912 0 0.00912 
0.63088 0.64588 0.74838 0.59338 0.64088 0 0.12088 
7 0.51 0.525 0.6275 0.4725 0.52 -0.065 0 
0.01637 0.01637 0.01637 0.01637 0.01637 0.01637 0 
0.45412 0.46912 0.57162 0.41662 0.46412 -0.1209 0 
0.56588 0.58088 0.68338 0.52838 0.57588 -0.0091 0 
Level Least Sq Mean 
6 A 0.97500000 
7 B 0.91000000 
4 C 0.43750000 
1 C 0.40000000 
5 C 0.39000000 
2 C 0.38500000 
3 D 0.28250000 
Levels not connected by same letter are significantly different 
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PART II. FABRICATION AND CHARACTERIZATION OF 
LAYER-BY-LAYER PHOTONIC BANDGAP CRYSTALS 
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INTRODUCTION 
PHOTONIC BAND GAP CRYSTAL STRUCTURES 
Inverse Opal Structures 
Most techniques of fabricating macroporous structures, also commonly known as the 
inverse opal structures, are based on the use self-assembled templates. Self-assembly is a 
fairly rapid process that produces close packed structures (e.g. fee) with multiple layers. 
Materials with high dielectric constant then introduced into the voids of the templates. To 
achieve higher refractive index contrasts, the templates are removed at the last stage, leaving 
behind air holes embedded within skeletal frames of high dielectric materials. 
Many works have reported fabricating ordered macroporous structures in the past few 
years [1-16]. One of the first attempts was by Imhof and Pine in 1997, who used sol-gel 
processing to deposit metal oxides at the exterior of self-assembled emulsion droplets [1]. 
Due to compatibility issues, oil-in-formamide emulsions were used and the sols were 
prepared in pure formamide as well. Macroporous titania, silica and zirconia with pore sizes 
ranging from 0.35 to 1 (j,m were produced after the removal of the emulsions by heat 
treatment. However, the ordered areas were not large enough to produce photonic bandgaps. 
Now, commonly used templates are prepared from colloidal suspensions of spherical 
polystyrene (PS) [2-6], poly(methyl methacrylate) (PMMA) [7], or silica [8-13]. The 
templates of colloidal crystals are generally grown by sedimentation [3-8], flow injection [2], 
or meniscus evaporation [9-13]. Among all the template preparation techniques, evaporation 
of the solvent needs to be carefully controlled in order to yield large sample size (e.g. a few 
millimeters to a centimeter) consisting domains of long-range ordered pores. Various types 
of materials have been successfully infiltrated into the templates. Ceramic materials are 
usually infilled though sol-gel processing [3-7], semiconductors are grown by chemical vapor 
deposition [8, 9], and metals are deposited by electrodeposition [13]. Finally, the templates 
are removed by heat treatment in the case of PS and PMMA, or by HF etching in the case of 
silica. Complete bandgaps have been observed with silicon inverse opal crystals at 1.5 jj,m [8] 
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and 1.3 |xm [9] with a gap to mid-gap ratio less than 9%. Ceramic inverse opal crystals with 
stop bands (i.e. wavelengths of maximum reflection) at visible spectrum were also achieved 
[4-7]. 
Instead of the two-step process of forming a template first and then infiltrating it with 
desired material, Subramania et al. at Iowa State University presented a technique where 
ordering of colloidal template and introduction of infilling material could be done 
simultaneously [14,15]. A suspension mixture of nano-crystalline titania and polystyrene 
spheres was first prepared. A few drops of the suspension were spread on a glass slide hung 
vertically and allowed to dry slowly in a temperature controlled humidity chamber. After 
drying, large ordering area was formed at the upper edge of the droplet. The ordering was 
most likely induced by capillary force at the meniscus front during solvent evaporation. Cold 
isostatic pressing of the dried sample was then performed to improve the initial green density 
and to reduce stress cracking during subsequent heat treatment. Figure II. 1 shows an 
example of the inverse opal structures synthesized with such approach. The fabricated 
inverse fee crystals exhibited characteristic reflectivity peaks shifting from 521nm to 1120nm 
depending on sizes of PS spheres used. Pine et al. at the same time also reported a similar 
approach to produce bulk samples [16]. It was pointed out that the use of nano-particle 
suspensions instead of alkoxide precursors reduced firing shrinkage significantly, similar to 
the effects reported in Part I. 
Figure II. 1 Titania inverse opal structure made with self-assembled polystyrene beads of 440nm dia. 
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Although colloidal self-assembly had been demonstrated to be a quick route to 
produce large scale 3D photonic crystals, the resulting structures usually consist of 
undesirable defects such as vacancies, grain boundaries, and line breaks, etc. An ordered 
domain with no imperfections is usually limited to 100 jj.m. Even if the crystal quality can be 
improved and perfect ordering domain expanded, most applications would require exact 
placement of well-defined lines (waveguides) and point defects (microcavities), which is 
almost impossible to achieve by self-assembly. Braun et al. [17] presented an idea of 
patterning the interior of colloidal templates. First, a colloidal template was filled with a 
precursor solution consisting of monomer and photoinitiator. Next, three-photon 
polymerization was performed using a laser scanning confocal microscope to define features 
inside the crystal. After polymerization, unreacted monoer was removed with acetone. The 
patterned template could then be infiltrated with a high dielectric constant material. Ye et al. 
[18] illustrated another idea of growing colloidal templates on substrates patterned with 
photoresist lines. Air-core line defects could therefore be produced after the removal of 
photoresist lines. Nevertheless, optical characteristics relating to these artificially induced 
line defects have not yet been demonstrated. 
Layer-by-Layer Structures 
Ho et al. at Iowa State University introduced a three-dimensional layer-by-layer (LBL) 
structure design consisting layers of dielectric rods of circular, elliptical or rectangular shapes 
[19, 20]. Contrary to the inverse opal structure whose formation depends greatly on self-
assembly, the LBL structures are designed to be artificially built. With the artificial 
assembly, structural imperfections can be more readily controlled and intentional line and 
point defects can be more easily introduced and precisely placed. In the LBL structure, rods 
are rotated 90° between adjacent layers and rods of second neighbor layers are shifted by a 
half of the distance (periodicity) between rods. The schematic of the crystal structure is 
shown in Figure II.2. The mid-gap frequency resulting from the structure is inversely 
proportional to the periodicity between rods. The theoretical simulations predicted that the 
photonic band gap was insensitive to the cross-sectional shape of the rods. It was also 
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determined that a minimum refractive index contrast around 1.9 was necessary to produce a 
complete bandgap in this structure. 
Figure II.2 Schematic drawing of the LBL structure design. Rods are rotated 90° between adjacent layers and 
rods of second neighbor layers are shifted by a half of the periodicity (center-to-center distance between rods). 
Ozbay et al. used this layer-by-layer geometry to build PBG crystals operating at 
frequencies ranging from microwave to the far-infrared [20, 21]. The microwave crystals 
were built with alumina rods with refractive index of 3.1, while the millimeter-wave and far-
infrared crystals were built using silicon micromachining on (llO)-oriented silicon wafers. 
The transmission properties measured on these crystals generally showed a good agreement 
with the theoretically calculated values. Ozbay also investigated the laser-machining 
methods and successfully fabricated millimeter-wave crystals of stacked alumina wafers [21]. 
Lin et al. later adapted the CMOS fabrication process to build polycrystalline silicon LBL 
crystals operating at infrared wavelengths [22]. At normal incidence, a strong transmittance 
dip was observed between 10-14 (i m wavelengths with the bandgap extending a spectral 
range of 4.5 fim and a gap to midgap ratio of 40%. The development of the bandgap was 
also apparent from the transmission measurements as the number of layers was increased 
from 2 to 5. The spectral range was narrowed from 4.5 nm to 3 jam as the light incident 
angle varied from 0° to 60°. Lin and Fleming later fabricated LBL tungsten crystals 
operating at infrared range with similar technique [23,24]. At a sample temperature of ~ 
1535 K, a tungsten crystal with a complete photonic bandgap at wavelengths X > 3 pm 
exhibited a sharp emission (with peak power density of 40.5 W/cm2) at 1.5 |im and a narrow 
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spectral width of 0.9 (Am. This extraordinary emission phenomenon provided suggests 
applications such as thermal photovoltaic power generation. 
Noda et al. successfully fabricated GaAs LBL structures utilizing wafer fusion and 
laser alignment techniques [25-27], 4-layer and 8-layer structures with periodicity of 4 jam 
and 0.7 |im were produced. The 0.7 Jim periodicity structure exhibited a full 3D photonic 
bandgap at optical communication wavelengths. A 90° sharp bend waveguide was also 
successfully developed within the 4 |im periodicity crystal [27]. Other examples of 
fabricating LBL structures include micromanipulation of indium phosphide (InP) [28], direct 
laser writing (DLW) of negative photoresist SU-8[29], four-beam laser interference of 
photopolymerizable resin [30], and robotic deposition of colloidal and nanoparticle gels [31, 
32]. Despite the variety of cutting edge fabrication techniques, each technique suffers certain 
shortcomings. Although the CMOS and wafer fusion processes yielded high quality crystals, 
they were quite costly and time consuming. Micromanipulation techniques produced a 
relatively small sample size of 15 juim square. DLW and laser interference techniques so far 
have only been able to produce polymeric structures that did not have enough refractive 
index contrast for efficient PBG effects. Robotic deposition was demonstrated being able to 
directly build ceramic LBL with proper ink designs, however, minimum feature size was 
limited at 100 - 200 jam. 
EXPERIMENTAL APPROACH 
In this work, fabrication techniques based on the concept of micro-transfer molding 
[33, 34] were used to produce 3D layer-by-layer (LBL) photonic crystals. The structure was 
built one layer at a time. Two types of fabrication techniques were proposed. The first type 
involved a two stage process. Polymeric molds with LBL structure were first fabricated with 
the use of patterned PDMS stamps, then the molds were infiltrated with various infilling 
materials studied in Part I. The infiltrated samples were finally fired to remove the polymeric 
molds and to sinter the ceramic body. The resulting ceramic structures therefore consisted of 
the negative images of the molds. The second type of technique omitted the production of 
the polymeric molds, and cast the infilling materials into the PDMS stamps directly. This 
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one stage process was designed to build LBL ceramic structures without the use of polymeric 
molds. The details of the two fabrication techniques are described as follows. 
TWO-STAGE FABRICATION 
Mold Fabrication 
A patterned PDMS mold (stamp) was first produced according to the following 
procedure. A template of parallel photoresist bars was patterned on silicon wafers by UV 
photolithography. Two types of such templates were created: one type had a bar dimension 
of 1 pm x 1 |j,m x 4mm (width x height x length, square cross-section) with a line-to-line 
spacing (periodicity) of 2.5 micron; another type had a bar dimension of 0.45|a,m x 0.3pm x 
8mm (width x height x length, semicircular cross-section) with a line-to-line spacing 
(periodicity) of 1.0 micron. The sizes of the templates were 4 mm square for the 2.5 micron 
periodicity one and 8mm square for the 1.0 micron periodicity one, with each template 
consisting of approximately 1600 bars and 8000 bars, respectively. A PDMS stamp was 
created by pouring PDMS precursor onto the templates of photoresist bars. After being 
cured in an oven for three hours at 60°C, the rigid PDMS stamp was peeled off from the 
silicon wafers, with the negative of the template structure (in the form of troughs) embedded 
within the stamp. 
The next step in mold fabrication was to fill the troughs of the PDMS stamp with 
thermal-curable epoxy (TRA-BOND F113 or TRA-BOND 2115) or UV-curable 
polyurethane (PU) resins. There were two ways to apply the resin into the troughs. In the 
first approach, a small drop of resin was applied in a slow sweeping motion back and forth 
across the pattern area of the PDMS stamp, using a metal wire coated with cured resin ball at 
the tip. The direction of the sweeping motion was transverse to the direction of the troughs. 
In the second approach, a drop of resin was dragged across the pattern area with the sharp 
edge of a razor blade. The direction of dragging was parallel to the direction of the troughs. 
After proper filling was achieved, the PDMS stamp was then placed in contact with a glass or 
silicon substrate. After curing the resin in oven or with UV light, the PDMS stamp was 
peeled off from the substrate and a template of epoxy or PU lines (bars) were transferred onto 
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the substrate. Figure II.3 illustrates this process of making the 1st layer of the polymeric 
mold. 
P = periodicity = 1.0 or 2.5 micron 
Silicon Wafer 
Step I 
PDMS 
Silicon Wafer 
Step II 
—I I—L 
PDMS 
PDMS 
Step IV 
PDMS 
Step V 
Stepl
" Step VI 
Figure II.3 Illustration of making the 1st layer of the polymeric mold by micro-transfer molding. 
A 2nd layer could be built by first filling another PDMS stamp with epoxy or PU 
resin (repeating step I through IV depicted in Figure II.3), and then placing the filled stamp in 
contact with a previously made 1st layer structure. This process could be repeated for 
building more layers. In a LBL structures, the 2nd layer of bars is rotated 90° with respect to 
the 1st layer. The 3rd layer is parallel to the 1st layer (thus is 90° to the 2nd layer), but shifted 
laterally by half of the periodicity with respect to the 1st layer. The 4th layer is parallel to the 
2nd layer (thus is 90° to the 3rd layer), but shifted laterally by half of the periodicity with 
respect to the 2nd layer. Subsequent layers are arranged in the same fashion. Laser 
diffraction pattern and moiré pattern were used to align the multiple layers. An example of 
the polymeric LBL structures built with the aforementioned process is shown in Figure II.4. 
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top view I tilted view 
r ?0 0 urn 1 
Figure II.4 8 layer PU LBL structure made with micro-transfer molding. (Courtesy of Jae-Hwang Lee) 
Sol-Gel and Slurry Infilling 
After a polymeric mold was made, the next step was to infiltrate the mold with either 
a titanium alkoxide precursor or an aqueous titania suspension. Variations and synthesis of 
the infilling materials were discussed in Part I. The types of infilling materials mostly used 
for this process were TDBP precursors and 20vol% - 30vol% aqueous titania suspensions 
with fructose (10wt% of added titania). Two different methods were used to infiltrate the 
material into the polymeric mold. The infiltration step was carried out in a glove box with 
controlled atmosphere if a sol-gel precursor was to be used. The first infiltration method 
involved the technique of spin-coating (illustrated in Figure 11.5(a)). An epoxy or PU mold 
on a substrate was placed and centered on the sample holder of the spin coater, followed by 
the application of a couple drops of the infilling solution to cover the whole substrate. The 
polymeric mold was then immediately spun at 2000~6000rpm for 80-90 seconds. The spin 
speed was adjusted according to the solution viscosity and thickness (i.e. number of layers) 
of the mold. After the infilling material was cast into the mold by spin-coating, the sample 
was dried in a low humidity environment for 24-48 hours. If the mold was infiltrated with a 
titanium alkoxide precursor, the sample was further aged inside a temperature controlled 
humidity chamber for another 24-48 hours to complete the gelatin of the sol-gel precursor. 
The sample was finally fired in air to 550 - 600°C with a ramp up time of 5-8 hours and a 
soak time of 3-5 hours. The firing was needed to remove the polymeric mold, to sinter the 
ceramic body, and in the case of a titanium alkoxide precursor, to induce crystallization (i.e. 
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from amorphous to anatase phase). The resulting titania structure was the negative of the 
polymeric LBL structure. 
(a) (b) 
Cover Glass 
(Backplane) 
Cover Glass 
l " (Backplane) 
P (Poini-Coniaet Force) 
PDMS 
Substrate 
Figure II.5 Schematic drawings of the infilling methods (a) Spin coating, (b) Press-on-Drop. 
The second infiltration method was done by first applying a microliter drop (about 2 
|iL) of an infilling material on top of the polymeric mold (illustrated in Figure 11.5(b)). A flat 
non-patterned PDMS block attaching to a glass slide (which served as the supporting 
backplane to minimize the deformation of the block) was then pressed onto the drop. The 
size of the block was 5mm x 5mm square with a thickness of 1.5 - 2.0mm. While pressing 
the PDMS block against the drop and the mold, a point contact pressure (applying force ~ 
3.73N) was applied at the center of the block through the glass backplane. The pressing 
helped the material infiltrate into the mold, and squeezed out the excess material from the top 
surface of the mold so formation of an overlayer could be prevented. The sample was then 
dried in air or in an oven, with the point contact pressure maintained throughout the whole 
drying period. After drying, the PDMS block was peeled off from the top surface of the 
infiltrated mold, and the sample was further fired under the same conditions and for the same 
purpose as for the first method. The second infiltration method was used primarily for the 
infilling of aqueous titania suspensions, although it was also demonstrated elsewhere to be 
feasible for the infilling of titanium alkoxide precursors. 
Regardless which infiltration method was used, it was found that the infiltration 
process could also be affected by mold defects. The mold defects were usually in the form of 
missing bars, excess polymer drops, or detached bars bridging across the mold. These 
defects introduced features that could potentially disturb the infiltration of infilling materials, 
and these factors were difficult to control quantitatively and qualitatively. 
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ONE-STAGE FABRICATION 
Micro-Transfer Molding with Sol-Gel Precursors 
In one-stage fabrication, the fabrication of a polymeric mold was omitted. The 
process is illustrated in Figure II.6 and described in details as followed. Instead of epoxy or 
PU, a titanium alkoxide precursor was cast into the troughs of a PDMS stamp. Similar works 
of directly casting sol-gel precursors into PDMS stamps were reported by Lange et al. [35, 
36]. In this study, the mostly used precursors for the one-stage fabrication process were 
30wt% (for 2.5 |_im periodicity stamps) and 20wt% (for 1.0 p,m periodicity stamps) TDBP. 
Preparation of a patterned PDMS stamp was mentioned in the previous section. The stamp 
was trimmed into a 10mm square with the patterns positioned at the center, and then backside 
of the stamp was attached and positioned at the center of a glass slide (18 x 18mm, Corning 
No. 18) in order to have a hard backplane support. The prepared stamps usually had a 
thickness of about 2mm. The sol-gel precursor was cast primarily by a spin-coating 
technique performed inside a glove box. The PDMS stamp attached to the glass slide was 
first placed and centered on the sample holder of the spin coater, followed by application of a 
couple drops of the infilling solution to cover the whole face of the stamp. The PDMS stamp 
was then immediately spun at 2000~6000rpm for 80-90 seconds. The spin speed was 
adjusted according to the solution viscosity. The intrinsic low surface energy of PDMS 
assisted the spun-off of excess material from face of the PDMS mold. After the sol-gel 
precursor was cast into the troughs by spin-coating, the PDMS stamp was pressed onto a 
substrate with the patterned side (i.e. precursor-filled troughs) facing against the surface of 
the substrate. While pressing the PDMS stamp against the substrate, a point contact pressure 
(applying force ~ 1.87 - 3.73N) was applied at the center of the pattern through the glass 
backplane. The pressing helped transfer the infilling material onto the substrate, as well as 
squeeze out the excess material remaining on the surface of the stamp. 
After the casting and pressing steps, the sample was dried in low humidity 
environment for 24-48 hours. The PDMS stamp was then carefully peeled away from the 
substrate with the peeling direction parallel to the trough longitudinal direction. Since the 
substrate had a much higher surface energy than PDMS, the rigid infilling material tended to 
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detach from the troughs and transfer onto the substrate. A pattern consisting of an array of 
parallel pre-ceramic bars was created on the substrate. This 1st layer pattern was further aged 
inside a temperature controlled humidity chamber for another 24-48 hours to complete the 
gellation of the pre-ceramic materials. 
To build a 2nd layer, another PDMS stamp was filled with the titanium alkoxide 
precursor using the same method, followed by drying and aging of the material in the stamp, 
and finally the filled stamp was placed in contact with the previously made 1st layer pattern. 
Since the aged gel did not adhere to each other well, use of an adhesive was needed to 
promote the bonding between the two layers. The adhesive was applied by spin coating a 
thermal-curable epoxy (TRA-BOND F113) on the aged 1st layer structure at 6000rpm for 60 
seconds. This formed an adhesive film of thickness about 1.6 pm covering the 1st layer 
structure. While stacking the 2nd layer PDMS stamp on top of the 1st layer pattern, a point 
contact pressure (applying force - 3.73N) was applied at the center of the glass backplane 
attaching to the 2nd layer stamp. The sample was then placed either in a 60°C oven for 2 - 3 
hours or in air for 24-36 hours to cure the adhesive with the point contact pressure 
maintained. The 2nd layer stamp was peeled away after the adhesive was cured,, and the 2nd 
layer of pre-ceramic bars would detach from the troughs and remain on top of the 1st layer 
with the adhesive sandwiched in between the two layers. This process could be repeated for 
building more layers. After desired numbers of layers were built, the sample was fired in air 
to 550 — 600°C with a ramp up time of 5-8 hours and a soak time of 3-5 hours. The firing 
removed the adhesive, promoted the bonding among the layers, induced crystallization of the 
gel, and sintered the ceramic body. 
The use of aqueous titania suspensions as the infilling materials was not successful in 
the one stage fabrication. Although a 1st layer structure could be easily fabricated with the 
'press-on-drop' method mentioned in Part I, the formation of a thick underline layer was an 
intractable problem in the LBL photonic crystal design (Figure 1.19 (a) and (b)). 
Furthermore, it was not a trivial task to prepare a 2nd layer stamp with aqueous titania 
suspensions since water does not wet PDMS. For instance, spin coating would spin off all 
the titania suspension from the stamp surface without the material infiltrating into the 
channels. Another attempt use the technique of micromolding in capillaries (MIMIC) [33, 
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37]. In this method, the titania would not penetrate into the channels. The third method 
attempted was to first place a microliter suspension drop on top of the PDMS pattern, and 
then the drop was pressed with another flat none-patterned PDMS block. Although this 
method did force some material into the channels, it led to rough surfaces and produce 
residual material on top of the channels. 
The fabricated photonic crystals were inspected by SEM to study their physical 
structures, by optical microscopy to study the moiré pattern resulting from alignment, and by 
Fourier-transform Infrared (Ft-IR) microscope to study their optical characteristics in the 
spectral domain l^im - 25pm (10000 - 400 cm"1) with 32 scans at 4 cm"1. 
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Figure II.6 Illustrations of the one stage fabrication 
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RESULTS AND DISCUSSION 
PHOTONIC CRYSTALS PRODUCED BY TWO STAGE FABRICATION 
Crystals fabricated with titanium alkoxide precursors 
If a polymeric mold was to be infiltrated by spin coating, a proper filling could only 
be achieved with the right combination of solution viscosity (relating to solute concentration) 
and spin speed, which needs to be adjusted in accordance with the thickness (i.e. number of 
layers) of the mold. A general rule of thumb in spin coating is that the thickness of the spun 
film increases with the increased solution viscosity, and decreased with the increased spin 
speed. Although the thickness of a film spun on a flat substrate could be estimated (equation 
1-2), a substrate with complex topographic features (such as the LBL mold structure) would 
complicate the spin coating characteristics and make it very difficult to predict the final film 
thickness. The matter is further complicated in dealing with molds with defects, as the defect 
areas usually trapped materials and thus resulted in a non-uniform infilling. Despite the 
increased complexity, the general rule could still serve as a guide in infilling the polymeric 
molds. Table II. 1 summarized the optimal conditions determined experimentally, for 
infiltrating different types of polymeric molds with TDBP precursors. 
Table II. 1 Optimal conditions for infiltrating various types of molds 
Sample ID Mold Type Mold Thickness Infilling 
Solution Type 
Spin Speed 
A 
(13.78a) 
2.5 |a,m 
periodicity 
2-Layers 
(2 jam thick) 
TDBP 14.3wt% 4000rpm 
B 
(13.72a) 
2.5 |_im 
periodicity 
4-Layers 
(4 |im thick) 
TDBP 42.9wt% 5000rpm 
C 
(13.184e) 
1.0 |im 
periodicity 
2-Layers 
(0.6 (am thick) 
TDBP 14.3wt% 5000rpm 
D 
(13.123) 
1.0 jam 
periodicity 
4-Layers 
(1.2 pm thick) 
TDBP 14.3wt% 4000rpm 
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42.9wt% TDBP solution spun at 5000rpm gave a proper filling for the 2.5 micron 
periodicity mold with 4 layers (sample B, Figure 11.7(b)). The same solution spun at 
3000rpm overfilled the mold and resulted in film cracking after drying and firing. Although 
not demonstrated, it was expected the proper filling for this type of mold could also be 
achieved by spin coating a lower concentration solution at a lower speed. For the thinner 2.5 
micron periodicity mold with 2 layers, proper filling was achieved with the spin coating of a 
low concentration TDBP solution of 14.3wt% at 4000rpm (sample A, Figure 11.7(a)). At the 
same spin speed, higher solution concentrations such as 42.9wt% and 21.4wt% overfilled the 
mold. Spin coating conditions for the 2-layer 2.5 micron periodicity mold were found to be 
also applicable for infiltrating the 4-layer 1.0 micron periodicity mold (sample D, Figure 
11.7(d)), even though the latter mold was slightly thinner. This implied that the amount of the 
materials infilled could also be affected by mold topography. With the same solution and 
spin speed, a thicker mold would retain more materials than a thinner mold. Lastly, the 
infiltrating of a 2-layer 1.0 micron periodicity mold could be done by spin coating a 14.3wt% 
TDBP solution at 5000rpm (sample C, Figure 11.7(c)). 
The titania PBG structures made with TDBP precursors exhibited relatively smooth 
surface, which would help minimize scattering loss. However, the sol-gel made structures 
suffered significant shrinkage after drying and firing. Since each bar experienced the same 
amount of lateral shrinkage, the periodicity remained the same. The more noticeable 
shrinkage occurred along the normal direction of the substrate surface, which was the result 
of the overall reductions in bar heights. The shrinkage caused the resulting structures to 
deviate from the originally designed dimensions. Furthermore, the titania bars at the top 
layer tended to sag downward in between each two supporting bars of the bottom layer as 
shown in the tilted SEM pictures. It is possible that during firing, the polymeric structures 
softened and decomposed before the gel structures attained enough mechanical strength. The 
titania bars also exhibited "double-peak" feature, where the height at the two edges of the 
bars were thicker than that at the center of the bars. All these structural variations would 
alter the position and width of the band gaps. Possible solutions to overcome these structural 
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variations include designing larger scale molds to accommodate the shrinkage, building the 
molds using polymer materials with higher softening points to reduce the sagging, and 
modifying the TDBP solution by adding H2O and HC1 (discussed in Part I) to eliminate the 
double-peak feature. 
U M 1 ilOHI 
Figure II.7 SEM pictures of LBL photonic crystals fabricated by spin coating various polymeric molds with 
TDBP solutions, (a) 2-layer structure with 2.5 |im periodicity, (b) 4-layer structure with 2.5 gm periodicity, (c) 
2-layer structure with 1.0 p.m periodicity, (d) 4-layer structure with 1.0 |im periodicity. 
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Figure II.7 (continued) 
Crystals fabricated with aqueous titania suspensions 
As the use of sol-gel materials led to several undesirable structural variations, an 
alternate infilling material, aqueous nanosize titania suspensions, was evaluated. As a 
microliter drop of a titania suspension was placed on top of a polymeric mold, it was noticed 
that the drop had a contact angle larger than 60°. This indicated that the drop alone could not 
infiltrate into the mold, a flat PDMS block was thus used to press onto the drop in attempt to 
force the material into the voids of the mold. The pressing block material was made of 
PDMS because of its low surface energy, which would prevent the dried material from being 
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sticking during the peeling off of the pressing block. The pressing appeared to help the 
infilling, however, the actual infilling mechanisms were not well understood or investigated. 
There were also indications of an uneven distribution of the pressing pressure, which was 
most likely caused by the flexible natural of PDMS. As a result, some areas of the mold 
would retain more materials than other areas. To this point, infiltration of an aqueous titania 
suspension by this press-on-drop method has yet to achieve a homogeneous infilling 
throughout the whole mold. Infiltration of the molds by spin-coating was also tried with 
several aqueous titania suspensions of different solids contents. All the spin coating 
conditions tried resulted in overfilling of the molds. More conditions should be examined to 
determine the feasibility of inducing the titania suspensions by spin coating. Neverthless, 
during a study of spin-coating titania suspensions on flat substrates, the resulting film 
exhibited a lumpy surface if a lower solids content suspension of 20vol% was used 
(illustrated in Figure 11.8(a)). Use of a higher solids content suspension of 30vol% seemed to 
smooth out the surface (illustrated in Figure 11.8(b)), however in the case of spin coating 
molds, overfilling tended to occur with higher solids contents suspensions. 
Figure II.8 Titania films prepared by spin coating (a) 20vol% Ti02 suspension with fructose and (b) 30vol% 
Ti02 suspension with fructose at 2000rpm. 
Figure II.9 shows examples of LBL photonic crystals made with nanometric titania 
suspensions. It was found that in the press-on-drop infiltration method, 20vol% - 25vol% 
suspensions with fructose were the better synthesis for infiltrating two to four layer molds of 
2.5 pm periodicity. Suspensions with a lower solids content (e.g. 10vol%) would result in 
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underfilling, while suspensions with a higher solids content (e.g. 30vol%) would result in 
overfilling of the molds. Figure 11.9(a) shows 2-layer structure made with a 20vol% 
suspension. If a lower solids content suspension was used to infiltrate a 2-layer mold, the 
mold would be underfilled and resulted in collapsed bar structures after firing as illustrated in 
Figure 11.9(b). Figure 11.9(c) shows 3-layer structure made with a 25vol% suspension. 
Aforementioned inhomogeneous infilling was observed in this sample. Figure 11.9(c), (cl), 
and (c2) compared three different regions of the same sample, illustrating different degrees of 
overfilling. An overlayer film with a thickness comparable to the height of the LBL structure 
could be observed in the more severe overfilling region. The existence of overlayers is 
undesirable since they would interfere with the photonic bad gap characteristics. Infiltration 
of a 4-layer mold was also achieved with the use of a 20vol% suspension as illustrated in 
Figure 11.9(d). Although infiltration of 1.0 micron periodicity molds were not tried due to 
lack of mold availability, it is believed that the nanosize titania suspensions are capable of 
infilling such smaller scale molds as suggested by the other study (Figure 1.19(b)). 
side view 
Figure II.9 SEM pictures of LBL photonic crystals fabricated by infiltrating various polymeric molds with 
aqueous titania suspensions, (a) 2-layer structure with 2.5 nm periodicity (b) 2-layer structure with 2.5 nm 
periodicity made of a 10vol% titania suspension, (c) 3-layer structure with 2.5 |xm periodicity, (cl) 3-layer 
structure with 2.5 fxm periodicity, slightly overfilled region. (c2) 3-layer structure with 2.5 (J.m periodicity, 
more overfilled region, (d) 4-layer structure with 2.5 pm periodicity. 
F*ë»reli9 
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Figure II.9 (continued) 
LBL structures made of aqueous titania suspensions experienced little shrinkage after 
drying and firing. The slurry made structures did not display the sagging phenomenon nor 
did them exhibit the double peak feature as shown by the sol-gel made structures. However, 
the slurry made structures did present rougher surfaces, which would potentially lead to 
scattering loss. One potential solution is to spin-coat a sol-gel coating (such as TDBP) on top 
of the slurry made structures to smooth out the surface. Preliminary work was performed to 
spin-coat 30wt% TDBP on dried titania films made of titania suspensions (with fructose 
addition) of various solids contents. After drying and aging of the TDBP coatings, 
detachment of the TDBP coating occurred on the film made of 20vol% suspension, while the 
coating remained intact on the film made of 30vol% suspension (Figure II. 10(a), (b)). The 
sol-gel coatings also induced cracking of the films. Although this approach seemed 
promising in smoothing out the rough surfaces, more studies should be done to resolve the 
compatibility issue between the TDBP precursor and the nanoparticles consolidated structure. 
Another attempt to create smooth films was to formulate alcohol-based hybrid suspensions 
consisting of titania nanoparticles and TDBP precursors. However, the titania nanoparticles 
coagulated severely in alcoholic medium, and the hybrid suspensions had fairly poor 
rheology properties to work with. 
Figure 11.10 SEM pictures of TDBP coatings on top of titania films made of (a) 20vol% titania suspension with 
fructose, and (b) 30vol% titania suspension with fructose. 
Several types of structural variations (defects) were observed on LBL structures 
fabricated with the press-on-drop infiltration method and aqueous titania suspensions. In 
other words, each sample generally consisted of areas with defined LBL structures and areas 
with defects. The origin of each type of defect was not specifically explored. The formation 
of defects is believed to be caused by a combination of factors including but not limited to 
the poor mold wettability to aqueous-based solution, the uneven distribution of pressing 
pressure, and mold defects (e.g. missing bars, excess polymer drops, or detached bars 
bridging across the mold). Moreover, if the pressing force applied onto the PDMS block was 
not perfectly normal, a shear stress would be induced onto the mold and cause mold 
distortion. Figure II. 11 shows examples of various structural defects developed within 
samples that also possessed some good areas (as shown in Figure II.9). Figure II. 11(a) shows 
agglomerates forming on top of the bar structures. This usually occurred to samples dried in 
air or in a humidity chamber (with 99% relative humidity) prior to the peeling of the PDMS 
pressing blocks. The amount of these agglomerates was reduced if samples were dried in 
40°C oven. Figure II. 11(b) shows areas with blurred bottom layers in a 4-layer LBL 
structure. This indicated that the infilling material did not penetrate down to the bottom of 
the mold well and was most likely due to poor wettability. Figure II. 11(c) shows residues 
residing in between bars, which were probably formed by materials flaking off from the bars 
during the peeling of the PDMS pressing block. Figure II. 11(d) and (e) show bar structures 
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that were poorly defined and severely disrupted. Formation of these structural imperfections 
could again be caused by the combination of the aforementioned factors. 
There are several different ways to improve the press-on-drop infiltration with 
aqueous titania suspensions. First, wettability of the polymeric mold is reported to be 
improved by oxygen/argon plasma treatment [38]. Secondly, according to a preliminary 
study, it was found that the deformation of PDMS can be greatly reduced if the block 
thickness was reduced to less than a hundred microns thick. The lesser deformation of 
PDMS block should provide a more even distribution of pressing pressure. Next, a more 
sophisticated pressing stage should be developed to improve the control of pressing force and 
ensure a perfectly normal pressing. Last but not the least, molds with fewer defects should 
also facilitate the infiltration. 
Figure 11.11 SEM pictures showing variations of LBL structures fabricated with aqueous titania suspensions. 
86 
Figure 11.11 (continued) 
PHOTONIC CRYSTALS PRODUCED BY ONE STAGE FABRICATION 
Infilling of PDMS stamps 
Instead of infiltrating TDBP precursors into polymeric molds, the precursors were 
cast into the PDMS stamps directly by spin-coating in one stage fabrication. The design of 
one stage fabrication was to bypass the mold making stage, simplify the overall process of 
fabricating LBL photonic crystals and reduce potential for introducing defects. Like the 
previously mentioned spin coating processes, the proper filling of the troughs with a PDMS 
stamp could be achieved with the right combination of solution viscosity (relating to solute 
concentration) and spin speed. For a Type A stamp (Figure 1.14) of 2.5 pm periodicity, 
proper filling could be achieved by spin coating 30wt% TDBP at 3000rpm - 3500rpm as 
illustrated in Figure 11.12(a) and (b). Since the infilled materials shrunk inside the channels 
after drying, multiple spin coating could be conducted to increase the filling thickness and 
density. Drying could also induce cracking of the infilled material as shown in Figure 
11.12(a). The cracking phenomenon could be reduced if the materials were dried at a slower 
rate (e.g. dried inside an isopropanol vapor-filled chamber) as illustrated in Figure 11.12(b). 
For a Type C stamp (Figure 1.14) of 1.0 pm periodicity, proper filling could be achieved by 
spin coating 20wt% TDBP at 4000rpm as illustrated in Figure 11.12(c). 
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Figure 11.12 SEM pictures of different types of PDMS stamps infilled with TDBP precursors by spin coating, 
(a) A Type A stamp of 2.5 gm periodicity filled by spin coating 30wt% TDBP at 3000rpm followed by drying 
in a low humidity Ar-filled glove box. (b) A Type A stamp of 2.5 (.im periodicity filled by spin coating 30wt% 
TDBP at 3500rpm followed by drying in an isopropanol vapor-filled chamber, (c) A Type C stamp of 1.0 |im 
periodicity filled by spin coating 20wt% TDBP at 4000rpm followed by drying in a low humidity Ar-filled 
glove box. 
Photonic Crystal structures 
After a 2nd layer PDMS stamp was infilled and the infilling material gelled after 
drying and aging, the next step was to transfer the gelled bar structures from the channels 
onto the top of a previously built 1st layer pattern. The bonding between the two layers was 
assisted by the use of epoxy adhesive as illustrated in Figure II. 13(a). If the adhesive was 
applied before the TDBP precursor reached gellation, the precursor material dissolved and 
the patterned structures would be ruined. After the sample was fired, the adhesive was 
completely removed and left the remaining layers in contact as illustrated in Figure II.13(al). 
Figure 11.13 SEM pictures of a 2-layer structure built by one stage fabrication with TDBP. 
Figure 11.14 shows examples of 4-layer structures of 2.5 |im periodicity (Figure 
11.14(a)) and 1.0 Jim periodicity (Figure 11.14(b)) built by the one stage fabrication. As seen 
in the pictures, excess materials in the form of underlying layers were generated. One 
possible cause was that the as-spun epoxy adhesive dissolved some portion of the precursor 
materials in the channels of a stacking stamp. The dissolved portion was carried out the 
channels and led to the formation of the underline layers. Another possibility was that some 
precursor materials remained on top of the channels after spin coating of the PDMS stamps, 
and this excess material later got transferred along with the materials inside the channels in 
the stacking step. Figure II.14(a2) and (bl) also indicated that the bar structures were 
distorted and positions of certain bars were shifted. While stacking and pressing an infilled 
PDMS stamp onto previously built layers, the PDMS stamp would easily be deformed by the 
pressing force due to its flexible nature. Moreover, if the pressing applied was not perfectly 
normal, the stamp would also be under shear. These combinations of stamp deformations 
could contribute to distortion of the bars being transferred. Also, the pre-fired bar structures 
were suspended within the epoxy adhesive matrix, therefore the positions of bars could shift 
during the decomposition of the epoxy matrix in the firing process. Despite the factors 
hindering the fabrication of defect-free LBL structures, the fabrication could be improved in 
several ways. First, the residues remaining on top of the channels of a spun PDMS stamp 
could be removed by pressing the stamp against a dummy substrate prior to actual stacking. 
Secondly, the as-spun epoxy layer could be pre-cured to a condition that would prevent it 
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from dissolving TDBP precursor while at the same time maintain its adhesion. An alternate 
adhesive material that would not interact with the TDBP precursor could also be explored 
and used. The applied adhesive should be reduced to minimum possible amount and 
thickness in order to decrease the separation distance among the suspended layers of bars. 
Next, thickness of the PDMS stamp should be reduced to less than a hundred microns thick 
to minimize deformation of the stamp under pressing. As mentioned earlier, a more 
sophisticated pressing stage should be developed to improve the control of pressing force and 
ensure a normal pressing. 
Figure 11.14 SEM pictures of 4-layer titania structures built by one stage fabrication with TDBP. (a) 4-layer 
structure with 2.5 (xm periodicity. Excess underline layers are seen, (al) 60° tilt view of the 4-layer structure 
with 2.5 |xm periodicity. (a2) An area of the 4-layer 2.5 (xm periodicity structure showing distortions and 
position shifting of certain bars, (b) 4-layer structure with 1.0 pun periodicity. Excess underline layers are seen, 
(d) An area of the 4-layer 1.0 |xm periodicity structure showing distortions and position shifting of certain bars. 
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Figure 11.14 (continued) 
Once the abovementioned structural imperfections are reduced, the one stage 
fabrication should become more promising since it not only simplifies the fabrication process 
of building ceramic LBL photonic crystals, but also is more time and cost efficient. The one 
stage fabrication becomes even more advantageous while building crystals with more layers. 
In the case of building an 8-layer structure with the two stage fabrication, a sol-gel precursor 
infilled within the mold would most likely result in cracking due to the much increased 
overall thickness. With one stage process where each layer of sol-gel bars is built one at a 
time, the cracking can be greatly reduced since the sol-gel material only bears the stress of 
the thickness of each single layer instead of bearing that of the 8-layer thickness at one time. 
An 8-layer structure was attempted with the one stage fabrication as shown in Figure 11.15. 
However, the crystal suffered various structural imperfections and many improvements need 
to be explored. 
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Figure 11.15 SEM pictures of a 8-layer titania structure of 2.5 jxm periodicity built by one stage fabrication with 
TDBP. (a) Top view of the structure showing bar distortions and excess underline layers, (b) Side view of the 
structure. 
CRYSTAL CHARACTERIZATIONS 
2.5 |am periodicity crystals 
Due to the use of flexible stamps and limitations of the alignment apparatus, the LBL 
polymeric molds fabricated with micro-transfer molding technique usually consisted of 
aligned and misaligned domains. Two types of misalignments could be generated in the 
fabrication process. The first type was the lateral shifting misalignment. In the case of a four 
layer structure, the shifting misalignment would occur if the 3rd or the 4th layer shifted more 
or less than half of the periodicity with respect to the 1st or the 2nd layer, respectively. Figure 
11.16(a) illustrates misaligned top two layers (labeled in red and black) shifting three-forth the 
periodicity with respect to the first two layers. The second type was the rotational 
misalignment. Figure 11.16(b) illustrates such misalignment where the top two layers rotating 
5° with respect to the first two layers. Within in each type of misalignments, distance of 
shifting and degree of rotation could vary due to fabrication variations, thus different levels 
of misalignments could be further created. A misaligned domain most likely would consist 
of a mixture of these two types of misalignments. 
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Figure 11.16 Illustrations of a (a) shifting misalignment and a (b) rotational misalignment 
Under low magnification (~ 50x) optical microscopy, the light interference from the 
aligned and misaligned domains created a colorful mapping of moiré pattern. Figure 11.17(a) 
is a transmission optical microscope image showing an example of such mapping produced 
by a 4-layer PU mold of 2.5 |xm periodicity. The differences in the color indicated the 
differences in the types and levels of misalignment among the domains. The 4-layer PU 
mold was next infiltrated with 20vol% titania suspension and heat treated at 550°C to burn 
off the polymeric mold. Figure 11.17(b) shows the reflection optical microscopy of the 
resulting titania structure at the same region as in Figure 11.17(a). Although the moiré 
patterns of the polymeric and ceramic structures showed different colors, the trend and 
orientation of the patterns from the two structures were fairly similar (indicated by the yellow 
boxes). The same region of the titania structure was then inspected with SEM, and the local 
configuration corresponding to each optical pattern is revealed in Figure 11.17(c). In this 
specific case, the darker patterns in Figure 11.17(b) were found out to be the aligned domains 
whereas the brighter patterns were the misaligned domains. A further comparison to the 
original mold optical patterns indicated that the green bands were the aligned domains while 
the orange bands were the misaligned domains. Moiré patterns generated by low 
magnification optical microscopy thus were demonstrated to be a useful tool in determining 
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aligned and misaligned areas. A new method of alignment can also be developed. While 
stacking LBL structures, the stacking stamp can first be held in close proximity to bottom 
layers on a substrate. Next, the position and orientation of the stacking layer is adjusted until 
a known moiré pattern of alignment is displayed. Finally, the stacking stamp is released and 
put in contact with the bottom layers. The use of optical microscopy is not only time and 
cost efficient, but is also capable of aligning large area (several hundreds of microns) at one 
time. However, as the LBL structure is scaled down further (e.g. in sub-micron regime), 
alignment between the alternate layers becomes more difficult. It will require the 
development of a more sophisticated alignment stage that is capable of nanometer-scale 
movement and equipped with a better detection unit which can precisely differentiate the 
colors and contrasts among the moiré patterns. 
Mold Titania 
Structure 
Figure 11.17 (a) Moiré pattern of a certain region in a 4-layer PU mold, (b) Moire pattern of the same region 
after the mold was infiltrated with titania suspension and burnt off. (c) High magnification SEM pictures 
revealing the actual anatomy within each color pattern. 
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FtIR microscope was used to observe the variations in reflection spectra 
corresponding to structure variations among the domains. A line scan through aligned and 
misaligned domains was performed on the region shown in Figure 11.17(b). A total of 19 
sampling areas were collected, with the center of each sampling area 30 pm apart. The size 
of each sampling area was about 200|im by 200pm square, and thus the sampling areas 
overlapped each other. Figure 11.18(a) shows the reflection spectra collected from alternating 
positions. The maximum reflectance and position of the peak varied with the aligned and 
misaligned domains. As the scanning position changes from misaligned to aligned domains, 
the maximum reflectance increased and the peak position shifted to lower wavelengths. For 
instance, while scanning from position 3 to position 9, the max reflectance increased from 
20.64% to 26.20%, while the position of the peak shifted from 4.04pm to 3.86pm. From 
position 11 to 15, a secondary peak was observed between 3.2 pm and 3.4 jam. The 
formation of this additional peak could be a result of a different type or degree of 
misalignment. The maximum intensity of such peak was observed at position 13. The trace 
of maximum intensity and the primary peak position from each sampling area is plotted in 
Figure 11.18(b). The trace generally followed a periodic trend except in a few locations. 
Another region of the same 4-layer sample was inspected to further demonstrate how 
moiré pattern could be a useful tool identifying structural variations in a LBL photonic 
crystal, and to observe how the structural variations affected the optical characteristics of the 
crystal. This time a total of 16 sampling areas were collected, with the center of each 
sampling area 40 pm apart. The size of each sampling was maintained at 200pm by 200pm 
square. Figure 11.19(a) shows the reflection spectra collected from alternating positions. The 
maximum reflectance and position of the peak varied with domains of different color patterns. 
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Figure 11.18 (a) Mid-IR reflection spectra obtained from 19 positions across the aligned and misaligned 
domains of the 4-layer titania photonic crystal shown in Figure II. 17. (b) Trace of maximum intensity and the 
primary peak position from each sampling area. 
96 
As the scanning moved from position 1 to position 6, the maximum reflectance decreased 
from 9.88% to 6.52%, while the position of the peak shifted from 3.66pm to 3.43pm. While 
scanning to position 9 where the domain showed similar bright yellow pattern as the domain 
where position 1 was located, the maximum reflectance raised back to 9.71% and the peak 
position shifted back to 3.62pm. From the results of moiré pattern and reflection spectrum 
together, one could thus conclude that the crystal structure at position 1 was similar to that at 
position 9, but dissimilar to that at position 6. The overall intensity at this region was much 
weaker than the previous studied region. This was because the bottom layers at this region 
were not well defined (according to SEM pictures, not shown) as a result of poor infiltration. 
The trace of maximum intensity and the primary peak position from each sampling area is 
plotted in Figure II. 19(b). The trace again followed a periodic trend. 
1.0 pm periodicity crystals 
A Moiré pattern was also displayed by a 4-layer photonic crystal of 1.0 pm 
periodicity while observing the crystal using low magnification optical transmission 
microscopy (Figure 11.20(a)). This interference pattern was generated by the aligned and 
misaligned domains as well. The aligned and misaligned domains could be more easily 
recognized under a higher magnification transmission microscopy. The darker patterns 
shown in Figure 11.20(b) were the aligned domains, where additional light was scattered from 
the aligned layers. As the layers became misaligned such as in the case of rotational 
misalignment (Figure 11.16(b)), more light was able to pass through the structure 
unobstructed and thus brighter patterns were produced. The pattern contrast between the 
aligned and misaligned domains is illustrated in the transmission microscopy at 400x (Figure 
11.20(b)). The structure of the aligned and misaligned domains was inspected by SEM and 
revealed in Figure 11.20(c). 
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Figure 11.19 (a) Mid-IR reflection spectra obtained from 16 positions across domains of different color patterns 
in the 4-layer titania photonic crystal, (b) Trace of maximum intensity and the primary peak position from each 
sampling area. 
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Figure 11.20 (a) 50x optical transmission microscopy showing moiré pattern of a 4-layer titania photonic crystal 
with 1.0 nm periodicity, (b) 400x optical transmission microscopy showing the pattern contrast between the 
aligned and misaligned domains, (c) 3000x SEM picture revealing the anatomy of aligned and misaligned 
domains. 
The FtIR microscope could not be used to characterize 1 |im periodicity crystals since 
the position of the stop bands reside in the range exceeding the apparatus' detection limits. 
Instead, the transmission spectrum of the 4-layer photonic crystal of 1 fim periodicity was 
characterized using FtIR (Nicolet Magna-IR 760) and is shown in Figure 11.21. The incident 
light was normal to the crystal surface. The transmission spectrum was normalized to a 
cover glass substrate, which was the same type of substrate the crystal was built on. A 
characteristic dip at 1.25 |±m was observed. Since the relatively large beam size (4 mm) 
covered all the aligned, misaligned as well as the defective domains, the band gap of the 
crystal was severely degraded and thus only a shallow dip resulted. The oscillations 
observed in the spectrum were caused by the substrate effect. 
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Figure 11.21 FtIR transmission spectrum of the 4-layer titania photonic crystal shown in Figure 11.20. 
CONCLUSION 
Two relatively rapid and economical fabrication methods based on the concept of 
micro-transfer molding were demonstrated for the creation of ceramic LBL photonic crystals. 
4-layer titania structures of 2.5 (im and 1.0 (im periodicities have been achieved with these 
methods. The polymeric molds in the two stage fabrication were successfully infiltrated with 
both TDBP precursors and aqueous suspensions of nanometric titania particles via spin-
coating and press-on-drop techniques. LBL crystals made with titania suspensions appeared 
to have better structural integrity since they experienced little shrinkage and did not display 
the sagging phenomenon or the double peak feature as shown in the TDBP made crystals. 
However, the slurry-made structures did produce rougher surfaces, which could potentially 
lead to scattering loss. The slurry-made crystals also exhibited various structural defects, and 
potential solutions in prevention of these defects were discussed. The one stage fabrication 
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was found to be achievable with the use of TDBP precursors. Although several processing 
parameters still need to be adjusted to obtain better quality crystals, the one stage fabrication 
is promising since it considerably simplifies the process. 
4-layer crystals were characterized with optical microscope and FtIR spectroscopy. 
Moiré patterns generated under low magnification optical microscopy were demonstrated to 
be a useful tool in determining aligned and misaligned domains in both mold and resulting 
ceramic structures. FtIR microscope scanning revealed the variations in maximum 
reflectance and peak position in correspondence to the aligned and misaligned domains in the 
4-layer 2.5 pm periodicity crystal. The aligned domains exhibited higher maximum 
reflectance at a shorter wavelength, while the misaligned domains exhibited a lower 
maximum reflectance at a slightly longer wavelength. The reflection peaks of the crystal 
located in the wavelength range between 4.04pm to 3.86pm. A secondary peak was 
occationally observed in the reflection spectrum and was thought to be a result of a different 
type or degree of misalignment. The transmission spectrum of the 4-layer 1.0 pm periodicity 
crystal showed a dip at 1.25 pm wavelength. However, the dip was shallow as a result of 
misaligned and defective domains. 
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APPENDIX MICROMOLDING IN CAPILLARIES (MIMIC) 
Micromolding in capillaries (MIMIC) is one of the techniques of soft lithography [33, 
37]. Figure 11.22(a) shows the schematic illustration of the MIMIC procedure. First, a 
patterned PDMS stamp(mold) is placed on the surface of a substrate to form a network of 
empty channels (microcapillaries) between them. A low viscosity infilling material (e.g. 
prepolymer, sol-gel precursors, etc.) is then placed at the open ends of the channels, and the 
material fills the channels by capillary action. After the infilling material is cured (in the 
case of prepolymer) or gelled (in the case of sol-gel) into a rigid body, the PDMS stamp is 
removed to reveal patterned microstructures of the material. MIMIC has been demonstrated 
in patterning micron features with various sol-gel precursors [37, 39, 40], and with SnOz 
slurry [41]. However, in a preliminary study, TDBP showed relatively short filling distance 
whereas aqueous titania suspension did not fill into the channels at all. The poor filling was 
thought to be a result of the poor wettability of the PDMS stamp (due to its low surface 
energy). It has been shown that the wettability of PDMS can be improved significantly when 
being treated with oxygen plasma [42]. The filling of TDBP and the titania slurry should be 
much improved with the increase in PDMS wettability, although this allegation would need 
to be verified by experimental work. 
MIMIC could also be used as an alternative method for infiltrating a LBL PU mold. 
The concept is schematically illustrated in Figure 11.22(b). A flat PDMS block is first placed 
in contact with the very top layer of the PU mold, and then an infilling material is placed at 
the edges of the PU mold. To improve filling of the material, the PU mold can be treated 
with argon plasma to improve its wettability [38]. 
Although the setup of MIMIC appears to be similar to the press-on-drop method, the 
main difference is that the patterned PDMS stamp or the flat PDMS block is placed first 
before introduction of the infilling material. The intimate contact between the PDMS stamp 
and the substrate, or the PDMS block and the very top layer of the PU mold, should prevent 
formation of the underlying layer or the overlayer especially with the use of aqueous titania 
suspensions. 
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Figure 11.22 Schematic illustrations of MIMIC in infiltrating (a) patterned PDMS stamp, and (b) LBL PU mold. 
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FUTURE WORK 
As the microtransfer molding based techniques were demonstrated to be feasible for 
fabricating ceramic LBL structures, more efforts could be made to improve crystal quality. 
One of the efforts can focus on modifying the wettability of PDMS and PU with 
oxygen/argon plasma etching. A fundamental study can be conducted to determine the 
change of slurry and sol-gel contact angles on PDMS and PU films treated at various etching 
conditions (e.g. different applied powers and etching times). The results can further be used 
as references in modifying either PDMS stamps or PU molds with oxygen/argon plasma 
treatments to improve infiltration. For instance, the bottom layers of a PU mold could be 
treated with plasma to promote hydrophilicity, while the very top layer is left untreated to 
maintain hydrophobicity. The idea for this design is in the hope that the infilling material 
would smoothly infiltrate down to bottom of the mold, while the excess could still be 
squeezed out by pressing an untreated PDMS block against the very top layer. For the one 
stage fabrication, plasma treated PDMS stamps with improved wettability also opens the 
door for the use of aqueous suspensions of titania particles. Different infiltration methods 
other than spin-coating and press-on-drop should also be explored. One of the possible 
alternatives is the micromolding in capillaries (MIMIC). MIMIC could potentially prevent 
the formation of overlayer while infilling PU molds and the formation of excess materials on 
top of the channels while infilling PDMS stamps [see Appendix in Part II]. 
More characterization can be conducted on the infilling materials. One of the 
important aspects would be determining the influences of film roughness and porosity on 
optical properties such as refractive indexes and scattering loss. Optical characteristics of 
fabricated titania LBL crystals should also be examined more thoroughly and compared with 
theoretical calulcations to obtain full realizations of their photonic bandgap structures. In the 
long term, it will be desirable to induce line defects within the crystal to demonstrate the 
waveguiding capability and the potential development of an optical circuit. A further scaling 
down of the LBL crystals in the visible wavelength range should also inspire a number of 
interesting applications such as enhancing LED emission efficiency. 
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